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The DSIF is a precision tracking and data acquisition 
network which is designed to track, command, and re- 
ceive data from deep space probes. It utilizes large 
antennas, low-noise phase-lock receiving systems, and 
high-power transmitters at stations positioned approxi- 
mately 120 deg around the Earth. Its policy is to con- 
tinuously conduct research and development of new 
components and systems and to engineer them into 
the DSIF so as to continually maintain a state-of-the-art 
capability. 

Goldstone operations. Equipment installation and tests 
at both Pioneer and Echo have been conducted in prep- 
aration for Ranger 6 .  A hydromechanical building is under 
construction at Pioneer as is a stores building at Echo. 
Core sample drillings and topographic surveys have been 
made at the Mars site in preparation for the erection of 
the 210-ft Advanced Antenna System. 

Engineering development. An L-band acquisition aid 
antenna has been tested at Woomera. This antenna con- 
sists of four helices, in a simultaneous lobing configura- 
tion, has a gain of 18 db at 960 Mc, and has a beamwidth 
of 22 deg. Acquisition tests were made using an aircraft 
to simulate a spacecraft with the acquisition antenna 

mounted in two locations: on the rim of the 85-ft antenna 
and at the end point of the quadripod. Acquisition was 
always satisfactory at elevations of 10 deg or higher, but 
was not certain at elevations from 10 to 5 deg. The rim 
location appears to be better than the quadripod mount. 
Ground reflections seriously affect the S-curves but are 
considered to be usable at 10-deg elevation or higher, 

Construction of the prototype model of the Mark I 
ranging subsystem is almost completed. A program unit 
which controls the sequential operation of the ranging 
subsystem and an acquisition unit which completes the 
acquisition of a given component of the received ranging 
code have been designed. The Mark I subsystem provides 
the capability of ranging on passive satellites or “turn- 
around transponders to a distance of 800,000 km. 

A telemetry data encoder, which will be a general pur- 
pose instrument for use on all projects, is under develop- 
ment for use at all DSIF Stations. As planned, it will be 
capable of accepting either parallel or serial data of vari- 
able word lengths up to 5,000 bits/sec and of providing 
coded wide-band data outputs at 600, 1200,2400, or 4800 
bits/sec plus either 30- or 50-bit/sec 5-bit parallel teletype 
signals. Error detecting/correcting codes will be used. 
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Automatically driving an antenna from precomputed 
drive tapes has the advantages of rapid acquisition, free- 
dom from dependence of signal strength, and the use of 
more sensitive listening feeds. A study is being made of a 
system which wiii use a smaii generai purpose computer 
to provide servo drive voltages which have been generated 
from interpolations between discrete computed ephemeris 
data or from a sidereal clock. Position and rate offsets 
and angle presets will be available. 

The wind data recording system at the Advanced 
Antenna (Mars) site is about 751% checked out. The tape 
recorder has been modified to a bit density of 556 bits/in.; 
the IBM 7090 computer program has been extensively 
modified, the drag spheres have been calibrated, and 
plans have been made to make wind tunnel tests of the 
8-cps resonance. Some analog wind force data has been 
recorded. 

The high-power test laboratory has been used to test 
S-band feeds at high power to determine the increase 
in noise temperature in a parametric and maser amplifier 
low-noise system'during diplexing at 10 kw of power, and 
to evaluate high-power S-band klystrons. No arc occurred 
in the feeds when up to 14 kw of power was used. The 
Eimac klystron was recommended as being the most ver- 
satile of the klystrons which were tested. 

A Fortran ZZ program has been written for an IBM 
1620 computer to compute the angular hour angle and 
declination velocity and acceleration of a polar mount 
antenna as it tracks an Earth satellite. Inputs consist of 
Earth constants, satellite trajectory constants, station lati- 
tude and time. 

The SDS 920 computer at Goldstone is being used to 
compare predicted with actual tracking data and to com- 
pute doppler variance for each DSIF Station in order 
to maintain a continuous check on the station equipment 
capabilities. Direct rectilinear plots are made from tele- 
typed data. 

In order to reduce the time consuming task of manually 
producing the originals of the stereographic station pro- 
jections, a Fortran program has been written for the SDS 
920 computer to generate the xy coordinates of the hour 
angle-declination and the azimuth-elevation intersections 
for an arbitrary station location. 

Ground antennas. In order to check the boresight and 
gain calibrations of large antennas, a method of using 

radio stars has been developed. The antenna is set in a 
fixed position and a radio star is allowed to drift through 
the beam. Using automatic noise calibration methods with 
both ambient and liquid nitrogen cooled loads and a 
Uicke radiometer, the resuitant signais are synchronousiy 
chopped with a square wave audio frequency and syn- 
chronously detected. Two computer programs are used to 
reduce the data. 

- .  

A program to calibrate the precision 30-ft antenna at 
the Venus site using radio-astronomical techniques makes 
use of an X-band radiometer with a resolution of 0.5 to 
1°K in a system temperature of about 700OK. Special 
attention has been given to supplying the IF amplifiers 
with stable plate and filament voltages to reduce gain 
fluctuations. 

Two computer programs are being used to evaluate the 
scalar far field radiation pattern integral and the aper- 
ture efficiency of paraboloid reflector antennas. Actual 
measurements on the 30-ft antenna at X-band compare 
favorably with the computed results when blockage by 
the subreflector and the quadripod is included. 

Pknetary radar. Using a 100-kw monostatic radar sys- 
tem with a system noise temperature of 37"K, radar meas- 
urements were made of Mars during the period January 
31 to March 2, 1963. A frequency spectrogram, represent- 
ing 65 hr of signal integration, indicates that most of the 
power was reflected from a disc 350 mi wide on the sur- 
face of Mars. Using total power measurements a radar 
brightness map of Mars was made and compared with 
visual maps. The region of Systis Major appears light 
to radar but dark to visual observations. 

The 100-kw transmitter protective circuit was improved 
by reducing the output impedance and high-frequency 
response of the crowbar logic chassis, by adding a 60- and 
400-cps filter to the crowbar input, by rerouting the out- 
put of the current probe directly to the input of the 
crowbar logic chassis, by adding shielded wires and by 
shielding the complete crowbar logic chassis. 

A set of high-voltage rectifier tubes from a second man- 
ufacturer had no internal or external arcs during a 3%-hr 
testing period at greater than full load. Attenuation meas- 
urements of a waveguide switch at high power confirmed 
similar measurements made in the laboratory with a low 
power oscillator. 

The exciter for the 100-kw 
to incorporate low leakage 

transmitter has been rebuilt 
modules, cold plate water 
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cooling, more reliable power supplies and improved 
metering, protective and data readout circuits. The 3-db 
bandwidth is 6 Mc and the rms phase deviation at 
2388 Mc in a 5-cycle loop is 2.7 deg (both receiver and 
exciter). 

After installation of the “front e n d  of the Mod IV 
planetary radar receiver in the antenna feed cone, the 
AGC performance of the synchronous receiver was meas- 
ured. Although the AGC operates only on the second 
mixer and the 455-kc IF  amplifier of each channel, the 
output level was held to within 3 db for inputs from - 160 
to - 87 dbm. A leakage at 30 Mc from the VTVM monitor 
lead was found by the AM spectrum analysis equipment 
and eliminated by filtering. 

The total time delays in the transmitter and receiver 
of a ranging system amount to a ranging error of about 
2500 mi and these delays must be precisely determined 
before the actual range can be measured. Due to system 
drifts it is generally desirable to do this as often as pos- 
sible and as close to the measurement as possible. For 
this purpose a phase coherent 30-Mc monitor system has 
been added to the ranging system. The 30-Mc monitor 
receives its input at the face of the antenna and feeds its 
input directly into the receiver during the transmit cycle. 
A second set of ranging equipment measures the time 
delays. The monitor can also be used to check the trans- 
mitted spectrum. 

The new water rotary joint design was dynamically 
tested at JPL and, after some slight modifications, it oper- 
ated for an eqiiivalent of 20 yr of life without leakage. 
It has been installed on the 85-ft antenna at Venus where 
further tests will be conducted. 

Lunar radar. A Lunar Radar Project with objectives sim- 
ilar to the Planetary Radar Project is being planned. Be- 
cause of the relatively short distance to the Moon and the 
small doppler changes, neither the bistatic or monostatic 
planetary radar systems can be used. However, by using 
a small auxiliary antenna, shielded by a “tunnel” and 
mounted at the quadripod apex, it appears possible to 
obtain sufficient signal-to-noise ratio to use an electron- 
ically switched system. The use of the auxiliary antenna 
depends upon the isolation between the antenna used 
for receiving and the 85-ft antenna used for transmitting. 
An isolation of 90 db has been measured. A calculated 
analysis of the system has been made showing optimum 
signal-to-noise ratios and transmitter powers for various 
degrees of isolation and system noise temperatures. 

Ranging system development. Recent data on the abil- 
ity to key off a transmitter to a level below the receiver 
threshold in an X-band monostatic radar has confirmed 
the extrapolation of previous data. Leakage between the 
signal source and the receiver prevents making measure- 
ments beyond the present 140-db capability until a very 
low-noise narrow bandwidth receiver is available. A syn- 
chronous sideband detector is being analyzed for its 
capability to prevent receiver locks on sidebands. 

A keyer control unit for a monostatic radar has been 
developed which automatically switches the receiver on 
and the transmitter off, and vice versa, in response to a 
signal which is dependent upon the estimated or actual 
range. It also provides a variable delay signal to the 
special anti-sideband locking device in the receiver. The 
laboratory model of the delay unit generates phase shifts 
up to 180 deg by utilizing a counter to give selectable 
delays from 0 to 25.6 msec in 50-psec steps. 

S-band implementation for DSZF. Traveling wave 
masers with closed-cycle helium refrigerators will be used 
in the DSIF at S-band. This maser uses‘a comb structure 
made up of active ruby material and passive ferrite mate- 
rial, a permanent magnet and trim coil kept at a constant 
temperature for stabilization purposes, and a pretuned 
12.7-Gc Varian VA 246 klystron pump. The microwave 
head uses gold plated stainless steel for high electrical 
and low thermal conductivity. Its noise contribution will 
be 3 to 4OK. Standard receiver components will be used 
in the monitor receiver. 

An S-band acquisition aid antenna is being developed 
for use with the 85-ft antennas to facilitate early acquisi- 
tion of a spacecraft whose trajectory is unknown or un- 
certain. The antenna will be a multimode single horn with 
simultaneous lobing similar to the feed horn used with 
the 85-ft cassegrain system. It will be mounted with its 
aperture near the surface of the 85-ft antenna approxi- 
mately half-way between the rim and the center and will 
utilize a complete three-channel receiver system, separate 
from the main antenna receiver system, so as to minimize 
the difficulties in transferring control from the acquisition 
aid antenna to the 85-ft antenna. 

Advanced Antenna System. The Advanced Antenna 
System will be a 210-ft fully steerable paraboloid with 
the first one to be constructed at Goldstone, California. 
Engineering design on all phases is underway at the con- 
tractor, Rohr Corporation, and at several subcontractors. 
Design and engineering of site facilities, utilities, roads, 
and power equipment is being completed. 

3 
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The computer program (RMS), which was developed 
to calculate the rms error in mean path length of a ray 
reflected from an imperfect reflector, shows that displace- 
ment of the apparent feed in a direction parallel to the 
axis of revoiution yieids greater errors &an rlispkiceiiieiits 
perpendicular to the axis. Because of this the program is 
being modified to calculate a rms of half the path length 
errors as seen from the apparent feed. 

The STAIR computer program which was develope? 
to calculate joint deflections and bar stresses, in an an- 
tenna structure, caused by wind loads parallel and at 
right angles to the elevation axis has been modified to 
include wind loads in any direction. 

The computer program developed to analyze hydro- 
static bearings has been revised to increase the number 
of iterations from 300 to 1,000 and to include a term 
representing the velocity of the bearing along the runner. 

The revised program is being used in the design of the 
210-ft antenna. Several approaches are being tried to 
simplify the calculation of deflections of the runner on 
an elastic foundation. Good correlation has been obtained 
in the xvicizity of the load hetween calculations made by 
Biot and the JPL-Franklin Institute computer program. 

The techniques for analyzing the dynamics of large an- 
tennas are continually being improved. The dynamics of 
a large antenna are important to the design of the servo 
system and the structural configuration. The structure 
must be stiff enough to maintain accuracy in operational 
winds from any direction and to have the lowest natural 
resonant frequency compatible with the required pointing 
accuracy. I t  also must be reasonably economical. For the 
purposes of analysis the structure is represented by a 
lumped mass system for the pedestal, alidade, and drives, 
and by generalized masses and stiffnesses for all parts that 
move in elevation. By taking advantage of symmetry 
the labor of making the calculations can be simplified. 

4 
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II. Goldstone Operations 

Preparation for Ranger 6 is continuing at Goldstone. 
All systems which will be involved in this Ranger series 
are being thoroughly inspected, modified, and repaired as 
required. Updating of equipment and training of person- 
nel on new procedures in preparation for installation and 
operation has first priority. 

1 .  Equipment 

a. Echo site. The precision doppler bias loop response 
tests have been completed. The telemetry-to-teletype 
encoder has been installed and checked out. The Ranger 6 
decommutator equipment is being installed, and person- 
nel from the DSIF overseas stations are being trained 
in its use. 

1 

Checkout of the new digital instrumentation system, 
including a new control panel, is nearing completion. 
DSIF personnel from Woomern and Johannesburg have 
received instruction in this new system. The Ranger data 
system was checked out and shipped to the overseas sites. 

The transmitter group completed all modifications to 
the L-band system. Work continued on the transmitter 
L- and S-band exciter system for Woomera, Johannes- 
burg, and Echo. The installation should be operational 
at Echo in early September. A testing program of reduced 
transmitter power was conducted in preparation for the 
Ranger shots. Under reduced power, the transmitter was 
tested for operating stability in an unmodulated condi- 
tion at power levels under 200 w. The results obtained 
indicate a stable performance. 

Control panels UD30-1 and UD70 for the Varian 7010B 
transmitter were modified and sent to Woomera. Modifi- 
cation kits for the parametric amplificr in the receiver 
system were sent to Woomera and Johannesburg. 

Installation of the 50-w transmitter began on August 1, 
with the completion date tentatively set for September 1. 
This transmitter is backup for the Goldstone Duplicate 
Standard transmitter for Ranger Block 111. 

I 5 
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The coaxial line installation on the Echo antenna is 
being updated by the replacement of existing critical RG9 
lines with a more stable semi-flexible coaxial cable. The 
lines are being rerouted and resecured to the structure 
where necessary. All test lines have been recalibrated. 
Defective cables and connectors are being replaced. The 
3Ys-in. rigid transmitter line installation has been modified 
to include a coaxial switch for use with the 50-w trans- 
mitter, and a double stub tuner has been included in the 
line for improved transmitter operation. 

b. Pioneer site. Data equipment racks are being rewired 
to conform to Goldstone Duplicate Standard. The digital 
comparator was moved to the Echo site for updating, 
modification and checkout. 

Preliminary work on the installation of the S-band 
transmitter, including a new hydromechanical building 
is in progress. Completion of the transmitter installation 
will provide the Pioneer site with both a receive and 
transmit capability. Data and instrumentation equipment 
are being modified to provide service for this dual 
capability. 

c. Venus &e. Equipment, previously housed in trailers, 
has been relocated and installed in the new control build- 
ing. New hard surface road, permanent buildings, and 
improved communications facilities have been completed. 

Gain measurements of the 85-ft antenna have been 
made using the Tiefort Peak collimation tower. Pattern 
measurements have been made using the 30-ft antenna 
and the Tiefort Peak collimation tower. The 30-ft 
antenna has been modified to operate in the slave mode 
in preparation for optical and radio star tracks. 

d. Mars site. The Advanced Antenna System Program 
is progressing. Core sample drillings to a depth of 100 ft 
have been made for analysis in preparation for antenna 
foundation construction. Topographic surveys of the site 
have been completed for use by the architects and engi- 
neers. A site survey was conducted for a location of the 
time-lapse camera which will be used to record the con- 
struction of the antenna. A preliminary interval of 60 sec 
has been set for the regular sequence with an adjustable 
telephoto lens arrangement and interval-adjust for specific 
item or area recording. 

2. Net lntegrution Tests 

Five net integration tests are scheduled to begin 
October 15 and run through December 1. The prepara- 

tion for these tests has included a complete in-house 
check of equipment. Along with this, JPL/RCA compati- 
bility tests have been conducted on the video equipment. 

3. Canberra-Madrid Project 

Goldstone is providing preliminary logistics, refine- 
ment, and training support to the Canberra-Madrid 
Projects. Currently, this involves equipment refinement 
and documentation, and contractual purchase of some 
equipment. Equipment is received at Goldstone to be 
checked and then forwarded overseas. Spare parts are 
documented, ordered, and handled in the same manner as 
assemblies and subsystems. Training of some Canberra 
personnel is scheduled to begin during the month of 
September. 

4. Building Construction 

Two buildings are being erected: a hydromechanical 
building (Fig. 1) at the Pioneer site and a stores building 
(Fig. 2)  at the Echo site. The floor in the hydromechanical 
building has been poured and construction is progressing 
with completion scheduled for October 1. The walls are 
up and the roof is in place on the stores building at Echo. 

The control building at Pioneer is being repainted 
inside, new floor tile is being laid, and equipment is ready 
for reinstallation. 

Fig. 1. Hydromechanical building at Pioneer site 

6 
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The 85-ft antenna at Venus was tested with a sample 
of the resurface holding clips. New clips were ordered as 
a result of the test, and resurfacing has been completed. 
Fig. 3 illustrates the test surfacing installation. 

Fig. 2. Stores building at Echo site Fig. 3. Test surfacing installation at Venus site 

7 
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I I I. En g i n eeri ng Deve I o p m e n t 

A. L-Band Acquisition Aid 
I .  General 

The Woomera DSIF Station has carried out a program, 
under the direction of the Australian station manager, 
of evaluating the existing L-band acquisition aid anten- 
na. The L-band acquisition aid at the Woomera DSIF 
consists of an array of four helices connected in a 
monopulse configuration. It is carried on the 85-ft diam- 
eter dish structure, and coaxial relays are used to select 
the signals (which are either from the dish or from the 
acquisition aid) fed to the phase-lock-loop three-channel 
receiver. Performance specifications as supplied in the 
manufacturer's handbook are as follows: 

Frequency, 960 Mc 

Gain, 18 db 

Half power beamwidth, 22 deg 

Sidelobe level, - 12 db 

Difference channel null, 30 db 

Polarization, right circular 

Ellipticity, 2 db 

VSWR (comparator outputs), 1.5 to 1 

Total weight, 50 lb 

The main advantages of this type of acquisition aid lie 
in its simplicity and low cost. The disadvantages are the 
limitation in angular rate capability to that of the 85-ft 
diameter dish structure and the multipath or ground 
reflection problem. 

The configuration of the acquisition system is shown 
in Fig. 1. 

r-- 
i r  

DECLINATION 

DECLINATION 

, 1 , ' F J $ % E L E  AMPLIFIER 

MONITOR MA 1 "F DECLINATION 
RECEIVER RECEIVER 

JI 
-A 

3NGLE 

' F q N X m - f  PANALYZER RECEIVER RECEIVER ANGLE D E C ~ ~ ~ ~ o N  TIME 

Fig. 1. Block diagram of acquisition system 
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2. Spacecraft Behavior 

Launches from Cape Canaveral on lunar or planetary 
missions involve spacecraft that rise on Woomera’s west- 
ern horizon over an azimuth range from 220 to 300 deg. 
There are restricted zones in which the antenna does not 
have coverage down to the horizon. The elevation rate 
for such spacecraft can vary from almost 0 to 0.1 deg/sec. 
Power levels are such that signal strength through the 
dish main beam is about -100 dbm. 

As the spacecraft recedes into space the effect of the 
Earth‘s rotation becomes increasingly significant and, 
eventually, the direction of motion, as observed by the 
station, reverses; ultimately, the spacecraft sets on the 
western horizon at a declination determined by the par- 
ticular mission. 

3. Location 

It is possible to locate the acquisition aid at the quadri- 
pod tip looking outward from the dish or at the dish rim 
(Fig. 2). Both locations have the disadvantage that, as 
the antenna angle is changed, the position of the phase 
centre of the acquisition aid moves with respect to the 
ground in a fairly complex manner because of the hour 
angle-declination axes system employed. The quad tip 
location has the additional disadvantage that mutual 
coupling between the acquisition aid and the dish can 

be troublesome. The dish rim location has the disadvan- 
tage that its height about the ground will change con- 
siderably for any given elevation less than, say, 20 deg 
with change in azimuth, again a feature of the system of 
axes. Thus, the dish rim location will be at the bottom 
of the dish for some azimuths, at intermediate positions 
for some, and at the top of the dish for others. 

An important factor affecting choice of location is the 
ease with which the acquisition aid can be connected 
into the three-channel phase-lock-loop receiver. This can 
be easily accomplished by locating the coaxial relays in 
the drum assembly which houses the rat races for the 
tracking feed at the quad tip. By providing three low-loss 
coaxial lines from the dish rim to the quad tip, the acqui- 
sition aid can be located either at the quad tip or at the 
dish rim without changing the configuration of the associ- 
ated hardware. 

4. Boresight Measurements 

The regular DSIF boresight tower of 3-deg elevation 
was not usable for checkout because multiple lock points 
and severe cross talk make it impossible to establish 
whether the acquisition aid is functioning properly. To 
achieve greater elevation angles the 80-ft high “Cherry 
Picker” truck stationed about 180 ft from the dish proved 
to be adequate. However, the close location introduced 
rather complicated geometric problems in the reduction 

INDICATED DIRECTION 

\ 
BEACON 
m 

OFFSETS ARE SHOWN I N  ELEVATION\ 
AND OCCUR ALSO I N  AZIMUTH. HOWEVER, 
ALL MOTION IS I N  HOUR ANGLE 
AND DECLINATION 

AI  : INDICATED ANGULAR OFFSET 
A2:  TRUE ANGULAR OFFSET 

Fig. 2. location of acquisition aid (diagram) 
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of the data due to the phase centre movement with angle 
referred to above. These problems will be apparent from 
inspection of Fig. 2 and were solved using the IBM 7090 
computer. 

Antenna patterns and angle error curves were taken in 
hour angle and declination for both horizontal and ver- 
tical polarization with the acquisition aid at the quadri- 
pod tip and at the dish rim. The dish rim location was 
chosen so that it was near the ground at low elevations 
when the antenna pointed in the azimuth of the boresight 
tower. Its precise location is defined in Fig. 3. Two sets 
of quad tip patterns were taken, with and without a 
ground plane extension, so that the effect of acquisition 
aid dish coupling could be observed. 

In addition, the signal strength and angle errors were 
digitized (using instrumentation section VCOs and data 
section doppler counters) and punched out on paper tape 
together with antenna pointing angle, thus facilitating 
automatic data processing. 

5. Aircraft Tracks 
The measurements taken using aircraft tracks provide 

evidence of performance under more realistic conditions 
than the boresight tower. The signal source is distant 
and, in addition, is moving in a manner not too unlike 

l a spacecraft. 

The flight plan is shown in Fig. 4; the portion of interest 
is the straight run along the 300-deg azimuth. This azi- 
muth was chosen because it gave a full range of elevations 
down to the horizon and was a possible acquisition direc- 

ANTENNA: 300" AZIMUTH, ANTENNA 60° AZIMUTH, 
5" ELEVATION; VIEWED FROM 
BEHIND BEHIND 

5' ELEVATION; VIEWED FROM 

13 11, 3 in ACOUlSlTlON 
AID 

///////////////t / // GROUND LEVEL //// m 
Fig. 3. Location of acquisition aid (dish rim) 

n 
AIRCRAFT HEIGHT, 
10,000 ft 

\ N 

3 2 I 0 3 m i  - 
Fig. 4. Flight plan for aircraft track 

tion. The dish rim acquisition aid location was near the 
bottom of the dish for this azimuth (Fig. 3). 

The aircraft was tracked along the straight portion of 
the flight plan in the track mode. Then, at a predeter- 
mined elevation, the antenna was stopped and the acqui- 
sition aid switched in allowing the aircraft to fly out of 
the acquisition-aid beam. When the aircraft elevation had 
changed by a reasonable amount (where possible, 10 deg) 
the antenna was switched to automatic and the aircraft 
reacquired. Usually this occurred without difficulty. This 
procedure was camed out for elevations of 5, 10, 15 and 
20 deg on both incoming and outgoing legs of the flight 
plan. In addition, a few runs were taken on azimuth 
60 deg, which gave some comparative records with the 
acquisition aid at the top of the dish. 

Throughout the flight, signal strength and angle errors 
were recorded on the Midwestern ultraviolet-light oscillo- 
graph recorder together with the usual station parameters 
such as time and antenna switch position. The angle 
errors were also digitized (using instrumentation section 
VCO's and data section doppler counters), sampled every 
2 sec together with time and antenna pointing angle, and 
punched out on paper tape. 

The data was reduced using IBM 7090 computer pro- 
grams. The aircraft position when the antenna was 
stopped was deduced by extrapolation of the tracking 
data assuming a constant aircraft course at the known 
constant height. Further assumptions were that the air- 
craft was flying on a constant bearing with respect to the 
antenna and that, while tracking, the data readouts always 
showed the true line of sight to the aircraft. It is esti- 
mated that the data reduction and extrapolation are accu- 
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rate to about 1 deg which is considered quite adequate 
for the type of investigation being conducted. 

6. Evaluation 

a. Boresight measurements. One type of perturbation 
is due to the presence of a small amount of ground reflec- 
tion aggravated by movement of the phase centre of the 
acquisition aid with respect to the ground as the angles 
were varied. 

A more serious type of perturbation is due to coupling 
between the acquisition aid and dish and is significant 
only in the quad tip location. The reduction in coupling 
when a larger ground plane is fitted to the acquisition aid 
in this location is very marked, although the curves are 
still not as smooth as using the dish rim location. How- 
ever, further reduction in coupling is to be expected with 
a distant source since the energy concentrated by the 
dish would be focused further away from the acquisi- 
tion aid. 

The higher elevation S-curves are progressively better 
and the dish rim low location continues to show slightly 
better performance. There is some smoothing of the 
S-curves above 20-deg aircraft elevation due to the 2-sec 
sampling rate, but this is not excessive. 1 

It was found that in both locations, in spite of the large 
ground reflection effects, the system always acquired 
from misalignments of 10 deg in elevation up or down at 
aircraft elevations above 15 deg. At the lower aircraft 
elevations, down to 5 deg, acquisition was usual although 
not certain. Not enough information was collected to 
establish which location gave the better performance in 
this respect, although it is believed that the dish rim low 
location is slightly superior. 

, 

B. Mark I Ranging Subsystem 

The DSIF Mark I ranging subsystem is being designed 
and built to equip the DSIF with the capability of rang- 
ing on passive satellites and spacecraft “turnaround 
transponders to distances of 800,OOO km. Earlier install- 
ments of the description of this subsystem have been 
given in Volumes I11 of Space  Programs Summaries  Nos. 
37-20, 37-21, and 37-22. In this summary the design and 
operation of the final two functional units are described. 

1 .  Program Unit 

in S P S  37-20. It has since been renamed.) 
(Note: This unit was referred to as the “Control Unit” 

The program unit (Fig. 5 )  controls the sequential oper- 
ation of the ranging subsystem. In that this subsystem is 
a special-purpose machine, the program is permanently 
wired and is not readily subject to change as, for instance, 
from one mission to another. 

The program unit provides a “reset” state and seven 
sequential program states, numbered p l ,  p2, . - . , p 7 .  In  
connection with the program unit there are two opera- 
tional push buttons on the control panel, viz., RESET 
and START. Actuation of the reset button causes the 
program unit to enter the reset state, in which the unit is 
cleared and readout from the subsystem is disabled. 
Actuation of the start button is required for entry into 
state p l ,  with the additional provision that the selected 
S-band receiver and the ranging clock loop be in lock. 
Fig. 5 shows a functional block diagram of the program 
unit. It shows the various program states, the condition 
for entry into each state, and the activities which the 
various portions of the ranging complex are called upon 
to perform in each state. 

Once the start button has been pushed and the sub- 
system enters state p l ,  it goes through the other program 
states sequentially and automatically as the respective 
state-entry conditions are fulfilled. Finally, the program 
unit enters state p 7 ,  which is the tracking and ranging 
state. In this state the readout register is enabled, since 
valid range numbers are then available. If, at any time 
during acquisition or tracking, R F  lock is lost, the pro- 
gram unit immediately returns into the reset state. 

Time synchronization of the program states is provided 
by a “step” pulse which, in the automatic mode of opera- 
tion, is generated once each major machine cycle, or 
every 124 psec. Only at that time is it possible to step 
from one program state to the next. 

A manual mode of operation is also provided for 
checkout, test, and troubleshooting purposes. In this mode 
the start button must be pushed not only to step from the 
reset state into state pl, but also to step from any other 
program state into the next in sequence. 

Upon entry into states p3,  p4, p5,  and p6,  an “acquire” 
pulse is generated which serves to initiate the acquisition 
subroutine for acquiring code components x, a, b, and c, 
respectively. This subroutine is under the control of the 
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Fig. 5. DSlF Mark I ranging subsystem program unit 

acquisition unit. At the end of each component acquisi- 
tion, a “component acquired” signal is received from the 
acquisition unit; this returns control to the program unit 
and permits it to advance into the next successive pro- 
gram state. 

Once every major machine cycle (124 psec) the program 
unit generates a “convert command which is transmitted 
to the voltage digitizer. It causes the voltage digitizer to 
generate a digital sampling of the receiver code correla- 
tion voltage as of that moment. 

2. Acquisition Unit 

The acquisition unit (Fig. 6) performs, without assist- 
ance from any other unit of the subsystem, the complete 
acquisition of a given component of the received code. 
A particular component acquisition is initiated by the 
program unit, as mentioned above. 

The acquisition unit causes the receiver coder to shift 
the receiver code component 1 bit at a time, until all 

shift positions have been examined. After each shift the 
correlation voltage from the receiver is sampled and digi- 
tized a predetermined number of times. These samples 
are summed, yielding a finite time integral of the correla- 
tion voltage which, in turn, is an analog measure of the 
degree of correlation in phase between the received code 
component and the receiver code component. The shift 
position that yields the largest time integral is determined, 
and the receiver code component in question is then again 
shifted into that relative position. The particular code 
component has then been acquired, and control is 
returned to the program unit. 

The digitizing of the correlation voltage is performed, 
on periodic command (every 124 psec) from the pro- 
gram unit, by a commercial analog-to-digital converter, 
“Voldicon” VR-IO-AB, the output of which is 10 binary 
bits plus sign bit. 

The number of samples to be taken is a function of the 
received signal strength, i.e., signal-to-noise ratio. This 
must be determined by the operator prior to ranging 

12 



JPL S P A C E  PROGRAMS SUMMARY NO. 37-23 

ACQUISITION - 
READ-WRITE TIME INPUTS 

FROM & GATE 
DIGISWITCH 

* LOGIC 

DECREMENT BY I 

T I M E  - 
COUNTER 

ZERO 
DETECTOR I 

DELAY LINE 
SERIAL - 
MEMORY 

---c 

TIME COUNTER 

__c 

I N P U T S  FROM 
SERIALIZER VOLOICON 

- 
.--c 

READ-WRITE - DELAY LINE 
SERIAL - GATE 

MEMORY 
SERIAL 
MEMORY LOGIC 

READ-WRITE 
LOGIC - * 

- COMPONENT ACQUIRED 

INTEGRATOR 

Fig. 6. DSlF Mark I ranging subsystem acquisition unit 
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acquisition. A multi-position "Digiswitch" on the control 
panel is then set to a suitable number of samplings. The 
switch settings permit a choice of from 1 to 219 samplings 
per shift position. 

- 

The particular code component to be acquired is deter- 
mined by the program state. Thus, components x, a, b, 
and c are acquired in program states p 3 ,  174, 17.5, and p 6 ,  
respectively. The binary number equivalent to the bit 
length of the component is initially gated into the shift- 
position counter. This number is then decremented by 
one each time the receiver code component is shifted. 
Thus, when this counter is in its zero state, the code 
component has been shifted through all positions and is 
back to its original position. 

COMPARATOR rc 

The number of samples to be taken for each shift posi- 
tion is, as mentioned above, determined by the manual 
setting of the Digiswitch. The binary number correspond- 
ing to the setting is stored in the time counter. For every 
sampling, i.e., once per 124-psec major machine cycle, 
this number is decremented by one. A zero detector 
senses when the counter reaches zero and initiates the 
next receiver-code-component shift command. After any 
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code-component shift a certain amount of time must be 
allowed before the new RF steady-state condition can be 
reliably determined. The time counter is again used to 
provide this alternative function, being pre-set with a 
number corresponding to the necessary time. Again this 
counter is decremented by one every major machine 
cycle. The zero detector in this case initiates the start of 
the correlation-voltage integration. 
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The integrator sums the digitized correlation-voltage 
samples by adding each new sample to the previous 
content of the circulating register. When all the samples 
have been added, the register holds the correlation 
integral for that particular shift position. 

- ,I 

SH IFT-POSITION COUNTER SHIFT 

The high-correlation storage is loaded with the first 
correlation integral obtained for a given code component. 
Each succeeding correlation integrai is compared with 
the one currently in the high-correlation storage. If the 
new value is the larger of the two, it is made to replace 
the old one in the high-correlation storage and, simul- 
taneously, the number currently in the shift-position 
counter is copied into the shift-position storage. Thus, 
when the integration has been performed in all shift 
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positions of the code component, the number in the 
shift-position storage corresponds to the shift position 
which produced the largest correlation integral. 

I 

The shift-position counter is then loaded with the 
code-length number for the second time, the code com- 
ponent is shifted, and the position count decremented 
until the count is equal to the number in the shift-position 
storage. The code component has then been acquired, 
and the output of the equality detector signals the pro- 
gram unit to proceed into the next program state. 

3. Project Progress 

A surplus cabinet has been obtained and is being 
utilized to contain a laboratory prototype of the ranging 
subsystem. Except for a few minor peripheral items, the 
system design is complete. Construction of the laboratory 
prototype is close to completion, lacking only certain 
interconnections and control wiring. More than half of 
the digital modules for the DSIF unit Serial No. 1 have 
been wired. A specially modified DSIF rack has been 
obtained to contain Serial No. 1, and additional racks for 
Serial Nos. 2, 3, and 4 are on order. 

C. GSDS Telemetry Data Encoder 

1 .  Concept of Design 

The present development of a telemetry data encoder 
is the result of reviewing the costs and needs of previous 
missions. It is felt that much can be gained from a device 
that is not program oriented and will extend its useful life 
beyond a single mission or small block of missions. These 
studies have shown that, while the initial cost of devel- 
opment would be higher than that of program oriented 
equipment, this cost would be quickly regained as its 
functional role spanned more than one program. 

Another result of looking back over previous missions is 
the current study being conducted to determine the feasi- 
bility of using error detection/correction codes to provide 
better utilization of the channels available. This article 
presents the guidelines being used in the encoder develop- 
ment and the work that has been completed in testing 
channels using parity codes. 

2. System Design Characteristics 

The following is a listing of the characteristics and 
parameters to be utilized as guidelines for the encoder 
design. 

a. Datu input characteristics. 

Data input rates corresponding to a maximum of 
5,000 bits/sec are planned. Lower bit rates will be 
acceptable. 

Parallel or serial binary data inptit will be accept- 
able. 

Variable word lengths with a maximum fixed for 
particular mode of operation. Data having several 
different word lengths in one data frame will have 
to be processed as if it had a single word length. 
(i.e., Mariner C scientific data has three word 
lengths of 6, 8, and 10 bits. This data would have 
to be processed as if all words contained 10 bits.) 

The data input source can be either from a data 
modulator or a data decommutator. 

Data originating from a data demodulator (not decom- 
mutated) will not be edited within the encoder and the 
incoming data rate cannot exceed 75% of the transmission 
capability of the ground communication link. 

Data originating from a data decommutator will be 
capable of being edited within the encoder and the 
incoming bit rate can be up to 5,000 bits/sec. (Data 
identification information or frame sync information will 
be required also.) 

b. Data output capability. 

(1) The encoder will be capable of outputting data for 
transmission to any of the following links singly, 
or to several, but not all, in combination (i.e., one 
4800-bit/sec wideband data link and two teletype 
lines at 30 or 50 bits/sec). 

~~ ~ 

4800-bit/sec serial wideband data link 
2400-bit/sec serial wideband data link 
1200-bit/sec serial wideband data link 
600-bit/sec serial wideband data link 
SO-bit/sec 5-bit parallel teletype 
SO-bit/sec 5-bit parallel teletype 

-~ 
(2) Only simple data editing techniques will be pro- 

vided (removal of unwanted data words corre- 
sponding to a predetermined program). 
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(3) Editing schemes will be governed by input data 
rates, output data rates, and format requirements. 
Unlimited editing capability will not exist. 

(4) Sufficient storage capacity and editing capability 
will exist such that all communication circuits can 
be operated at the maximum capacity, subject to 
the constraints to be established for editing schemes. 

c. Error detecting codes. 

(1) Error detecting codes will be used to minimize the 
number of undetected errors in the data. 

(2) Error detecting codes will be optimized for a given 
data block length and the anticipated maximum 
number of errors per block of data, for most op- 
erating conditions. Operation during extremely 
adverse communication periods is not anticipated. 

(3) The error detecting codes will contain limited error 
correcting capability. The error correcting capa- 
bility will be primarily suited for correcting errors 
encountered during normal communication circuit 
operation. 

(4) Several error detecting codes may be utilized for 
different modes of operation in order to maintain 
optimum transmission capability. 

d .  Encoder interface modules. 

(1) Interface modules will be required, in some cases, 
for mating with various demodulators and decom- 
mutators. 

(2) Interface modules for the communication circuits 
will be provided for those circuits defined in Para- 
graph b (1). Interface with other types of commu- 
nication circuits will require different modules. 

e. Concept of operation. Fig. 7 outlines the operation 
of the system as it is presently proposed. Data will enter 
the input serial/parallel converter at rates of 5,000 bits/sec 
or less. If it arrives in serial form, it will be converted 
into words of 10 bits or less depending on the word length 
format of the mission. Initially these words are transferred 
into input buffer A. The length of the input buffer will 
vary according to the frame length of the incoming data, 
being long enough to contain one frame of data. When 
input buffer A is filled, the incoming data is then trans- 
ferred to input buffer B. While the data is entering the 
second input buffer, the data in input buffer A is trans- 

ERROR 
DETECTION 

4800 bits/sec SERIAL 

30 bits/sec TELETYPE 
[LOW-RATE I / 

50 bits/sec TELETYPE c. 

INPUT 

Figure 7. Telemetry data encoder system 

ferred into the central memory of the system. This central 
memory contains both the frame of data to be operated 
on at the present time and the sequential editing pro- 
grams that have been entered at some previous time. De- 
pending on which output combination is selected, the 
correct editing sequence is chosen. The sequence of words 
stored in memory is then selected from the frame of data 
stored in the central memory. This data is then encoded 
or transferred directly, if desired, to the selected output 
buffer. At this time, the control system interrogates the 
various input and output buffers. If input buffer B is still 
in the process of being filled, the editing control then 
encodes and loads the next highest priority output buffer 
with a block of data to be transmitted. The interrogation 
continues in this fashion until input buffer B is filled. If 
input buffer B fills before the control center is able to 
unload it into the central memory and update the present 
frame of data, the new incoming data frame is switched 
back to input buffer A, which has previously been un- 
loaded. Each of the output buffers is divided into two 
sections similar to the input buffer with one of the sec- 
tions transmitting and the other either filled and ready 
for transmission or immediately available for filling when 
the control network senses the proper conditions. In this 
manner, there is a continual flow of data in an asynchro- 
nous manner both into the encoder and out to the 
transmission links. The limitations on the number of 
transmission lines that may be used at one time are 
dependent on the time required to transfer and encode 
each word of data. 

In actual usage if either the 4800-bit/sec or the 2400- 
bit/sec high-rate transmission lines are used, none of the 
other high-rate lines will be able to be used. Two 1200- 
bit/sec or one 1200-bit/sec and one 600-bit/sec may be 
used simultaneously. 

15 



J P L  S P A C E  PROGRAMS SUMMARY NO. 37-23 

3. Data Encoding Study 

After examining available data (Refs. 1 through 12) 
regarding the statistics on errors of the communication 
lines available, it was considered worthwhile to make a 
study of the feasibility of error detection/correction en- 
coding and its possible application in future DSIF telem- 
etry transmission. Since the information on the error 
patterns indicated nonindependent errors with the ma- 
jority of the bursts being in groups of 3 or fewer bits, three 
codes were selected and implemented. One of these codes 
is derived from a characteristic equation of the form: 

(1 + T) M (kT) = 0 (1) 

where M (kT) = 0 is a characteristic equation that pro- 
duces a maximum length cycle of length 2k - 1. This 
provides us with a double adjacent error correcting code. 
It is derived from a characteristic equation of the form: 

(Tp + 1) M (kT) = 0 (2) 

where p is prime to 2k - 1. This gives rise to codes of 
length p (2k - 1) with p + k check digits. This type of 
code is called a Fire Code. It will correct all errors within 
a burst length (p + 1)/2, p odd; p/2, p even, as well as 
many more. Due to the fact that this is not an optimum 
code the remaining redundancy that the code contains 
can be used for the detection of other errors. This is done 
by examining the shift register at the end of the correction 
procedure to see whether it is zero. Ref. 4 provided the 
form for the third code. It is a generalization of codes 
discovered by Abramson and Melas, and has a charac- 
teristic equation of the form: 

(T2 + T + 1) M (kT) = 0 (3) 

and will correct burst lengths equal to, or less than, 3. 
This is an optimum code and the redundancies available 
in the Fire Code which are utilized for additional error 
detection will not be found here. 

In deriving the characteristic equations, M (kT) was 
selected from the tables in Ref. 11, with the following 
results. 

Case (2). 

M(kT) = Ti + T3 + 1 

Burst = 3 

(p + i j / Z  = 3 

p = 5  

(Tj + 1) (T‘ + T 3  + 1) = T12 + T s  + T7 + T 5  + T3 + 1 

Case (3). 

M (kT) = TIO + T4 + T3 
+ T + 1  

(1 + T + TZ) (T1° + T4 + T 3  + T + 1) = T” + TI1 

+ T’O + TG + 1 

The implementation of the characteristic equations for 
use in encoding and decoding was derived from Ref. 1. 
These equations have been implemented by simulating 
feedback registers in the SDS 920 computer. The result- 
ing sequences have been generated and a decoding pro- 
gram has verified their validity. The characteristics in 
each case are listed below. 

The correctable error patterns are binary representa- 
tions of the burst patterns that, when detected, may be 
corrected. A “1” indicates a single error while a “101” 
indicates that the 2 outside bits of a 3-bit block are in 
error. 

Case I 

501 bits Total information block 
Total parity block 10 bits 
Frame sync 18 bits 
Word sync (31 words) 
Total transmission frame 

31 bits 
560 bits 

Total information block 
Total transmission frame 

Transmission efficiency = 

Correctable error patterns 1 

11 

Frame sync and word sync format were derived from 
information available in Ref. 12. Their size and the total 
length of the code were arranged so the total transmission 
frame would result in multiples of five for transmission 
over the five levels in a teletype channel. 

Case (1). 

M ( k T )  = T9 + T’ + 1 

(1 + T) ( T9 + T‘ + 1) = T12 + T8 + T7 + T5 + T3 + 1 
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Case I1 

Total length of code 

Total information block 
Total parity block 

Frame sync 

Word sync (64 words) 

835 bits 
623 bits 

12 bits 

11 bits 

64 bits 

Total transmission frame I 710 bits 
Total information block 
Total transmission frame 

Transmission efficiency 1 

623 

Correctable error patterns 1 
11 

101 

I 111 

Case I11 

Total length of code 
Total infomation block 
Total parity block 
Frame sync 
Word sync (40 words) 
Total transmission frame 

1023 bits 
1011 bits 

12 bits 
27 bits 
40 bits 

1090 bits 
Total information block 
Total transmission frame 

Transmission efficiency = 

-- 1090 - 0.939 - - 

Correctable error patterns 

111 

D. Computer Controlled Antenna 
Pointing System 

The value of having an automatic antenna positioning 
system was proved at the Goldstone Tracking Station 
during the Mariner 2 mission. Precomputed drive tapes 
for tracking during visibility periods were used almost 
exclusively during the 109 days of Mariner’s trip to Venus. 
The automatic tape drive system offers as advantages: 

(1) Rapid acquisition time. 

(2) Freedom of dependence on signal strength required 
in automatic tracking modes. 

(3) Use of listening feeds on the antenna for greater 
received signal strength. 

A study has been launched to define a tape drive 
system with expanded and more flexible capabilities for 
use throughout the DSIF and the Advanced Antenna 
System. The results of this investigation are described 
later in this article. The existing positioning system at 
Goldstone was built for a special application and the 
cost involved in modification or expansion of its capabil- 
ities is prohibitive. The heart of the proposed new system 
will be a general purpose digital computer. The reasons 
for selecting a general purpose computer are listed below. 

(1) High reliability. A high degree of reliability has 
been demonstrated in today’s general purpose com- 
puters. Relatively long mean time to failure data 
has been shown by computer manufacturers. Ease 
of maintenance is obtained by use of diagnostic 
routines, which localize faults to a few circuit mod- 
ules. Modules of most computers are of plug-in type 
and can be easily replaced. In addition, many self 
checking methods are available on digital com- 
puters. Errors on inputting and outputting infor- 
mation to and from the computer can be detected 
by use of parity bits. Many computers also use 
parity error detection when words are entered or 
withdrawn from memory. Another useful feature 
of a general purpose computer is that errors in the 
handling of information within the computer can 
be checked by the use of program control. For 
example, a calculation is to be performed where 
the result is known to fall in a certain range of 
values. The computer can be programmed to detect 
an answer outside this range, give notification that 
an error has occurred, and go to an alternate rou- 
tine for obtaining the desired result. 

( 2 )  Increased versatility. Most system changes would 
only involve programming changes, which require 
no additional hardware or engineering design costs. 
The flexibility of the general purpose computer 
would allow other jobs to be undertaken, apart 
from the original intent, on a time sharing basis. 
During nontracking periods the computer could 
perform other tasks on a full time basis. 

(3 )  Low cost. Today, the price of the small general 
purpose computer has decreased due to increased 
competition and high volume production. The cost 
of engineering and hardware for special purpose 
logic systems, much of the time, exceeds thc total 
cost of a computer and lacks the versatility. 

1 7  
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(4) Easy integration. As the DSIF moves to complete 
computer controlled station automation, a general 
purpose computer can be integrated into a total 
system of this type. Not only can one computer be 
easily controlled hy another, hnt in the C'ISP of 
failure of a computer one can be programmed to 
serve as a backup and perform some of the func- 
tions of others, while continuing on its primary 
mission. 

Basically, the system (Fig. 8) when in operation will 
be closed in the servo drive loop of the antenna. The 
input to the system will be the binary representation of 
the antenna position (hour angle and declination) from 
the angle encoding equipment. The output of the system 
will be an analog voltage proportional to the antenna 
position error. The computer compares the present an- 
tenna position from the encoding system to the desired 
reference position and outputs a positive or negative 
digital representation of the difference between the two 
angles. This digital number is then converted to a plus or 
minus voltage equivalent to the pointing error. This error 
voltage will command the servo system to drive the 
antenna to the correct position. The desired reference 
position will be derived from three sources: 

(1) Ephemeris drive tape input containing samples of 
angle position for a given time. 

ANGLE ANGLES FROM ANTENNA I 
DECLINATION 
STATION TIME 
DAY OF YEAR 

m 
RATE OFFSET (HOUR ANGLE) 

CONTROL 
PANEL 

DIGITAL 
MULTIPLEXER 

(2) Sidereal clock located in the computer. 

(3) Manually selected coordinates inputted from the 
system control panel. 

Rate and position offsets may be used to modify the tape 
and sidereal drive positions. A system control panel 
located on the servo console will be used to select the 
mode of operation of the computer. Programs are being 
written for system simulation planned for Goldstone this 
Fall. 

I .  Tape Drive Mode 
The program for positioning the antenna by an ephem- 

eris drive tape is nearly completed. In this mode, the 
computer will position the antenna to the angles on the 
tape and perform linear interpolation between samples. 
Some of the features that are being incorporated in this 
program are: 

(1) The time interval between tape samples may be 
varied from 2 sec to 10 min in 1-sec steps. 

(2) An error in the drive tape format or unallowable 
characters on a sample will be detected and the 
reading will be disregarded. 

(3) A tape time offset may be introduced from the 
control panel. 

HOUR ANGLE 

DECLINATION 

I I I 

I 

I W  TYPEWRITER 

INTERRUPT CHANNELS 

BINARY- 

DECIMAL 

~ HOUR ANGLE OFFSET 

DECLINATION OFFSET 
DISPLAY 

DISPLAY 

SIDEREAL TIME 
DISPLAY 

TAPE TIME 
DISPLAY 

Fig. 8. Automatic tape drive system block diagram 
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2. Sidereul Clock 

While the computer is performing other functions it 
also incorporates a sidereal clock which will read out the 
Greenwich hour angle of Aries in degrees from OOO.000 
to 359.999 deg in 0.001-deg steps. A startup routine is 
required to preset the clock to the proper value. The 
equation for determining the Greenwich hour angle of 
Aries at any desired time was taken from Ref. 13. This 
equation was written for 1950 and it has been corrected 
for any desired time in 1963. The new equation is as 
follows: (GHA - 

LHA = local hour angle of the an- 
tenna as inputted to the 
computer from the antenna 
angle encoding system. 

GHA = Greenwich hour angle of 
Aries. 

W. Longitude = west longitude location of 
the station. 

W. Longitude) = local sidereal time. 

13 = 98,939816655 + 0.9856473460 (1) 

where 

e = required Greenwich hour angle of Aries. 

D = day of year + fraction of day elapsed past 0 hr 
January 1, 1963. 

The initializing program will automatically be executed 
as a part of the computer power-on startup routine. This 
assures that the clock will be preset to the correct value 
every time power is applied to the computer. 

Once the clock is initialized to the Greenwich hour 
angle of Aries, the sidereal time is updated by using 
interrupts from the station time standard. The clock will 
be checked periodically by the initializing routine to 
determine if any malfunction has occurred. 

When the value of the Greenwich hour angle of Aries 
is obtained by the initializing routine, the angle of the 
west longitude of the station is subtracted. The net result 
is that the sidereal clock reads out in local sidereal time. 
The local sidereal time is then displayed in six decimal 
digits. The interrupts used for the sidereal clock have the 
highest priority of all the operations performed by the 
computer. 

The sidereal clock is used when it is desired to move 
the antenna at Earth rates. The relationship used to drive 
the antenna is denoted by the equation: 

SHA = LHA - (GHA - W. Longitude) (2) 

where 

SHA = the required sidereal hour 
angle of a star or spacecraft 
to be tracked. 

The desired value of SHA is entered in the computer 
by a single reading inputted by the tape reader or from 
a reading selected by digital switches on the angle preset 
portion of the control panel. Declination readings are 
inputted with the SHA. Since SHA is a constant, as local 
sidereal time increases, there is a corresponding increase 
in LHA. Any discrepancy in the equality of Eq. (2) will 
send to antenna servo system as an error signal to drive 
the antenna to the proper position. Declination will re- 
main constant at the value inputted to the computer. If 
it is necessary to have either SHA or declination change 
linearly with time, rate offsets may be placed in the 
computer. 

3. Position und Rute Offset 

When the computer is in the sidereal or tape drive 
modes, it will be possible to introduce either a position 
or rate offset from the control panel. The offsets are 
added or subtracted from the encoder input from the 
antenna. The result of the arithmetic operation is com- 
pared to the reference angle to derive the servo error 
signal. Offsets are selected by means of digital switches 
on the control panel and entered into the computer when 
interrupt occurs by pushing an initiate button. The posi- 
tion offset ranges from 0.999 to 0.001 deg with 0.001-deg 
resolution. 

Rate offset information will be inputted in degrees per 
second varying from 0,9999999 to O.oooOOO1 deg with 
0.0000001-deg/sec resolution. Offsets may be either posi- 
tive or negative and the accumulated offset in hour angle 
and declination will be displayed on the control console. 
Provision is nude for push button interrupt to clear the 
accumulated offset on either axis on command. 

4. Angle Preset 

Digital switches located on the control console may be 
used to enter any hour angle-declination coordinates. 

1 9  



J P L  S P A C E  PROGRAMS SUMMARY NO. 37-23 

The angles are selected in six digit decimals. Pushing an 
angle preset initiate button interrupts the computer to a 
program that inputs the selected coordinates and drives 
the antenna to the desired position. The angle preset 
seiector switches may aiso be used iri i l ~  s i d e i d  mode 
to enter in SHA and declination coordinates. 

The previous description covers the primary objectives 
of the computer controlled antenna positioning sys- 
tem. Numerous options to what has been discussed are 
available by modifying the program of the computer. 
Some of the jobs that could be assumed by this system 
as additional features are: 

(1) Computing pointing information from given tra- 
jectory equation. 

formation gathered during a tracking period. 
(2) Computing the trajectory equation from angle in- 

(3) Programming the antenna to search patterns for 
spacecraft acquisition during nonstandard missions. 

(4) Processing (on-site) of real-time telemetry and 
tracking data. 

The computer controlled antenna pointing system will 
be orientated in its design philosophy for eventual inte- 
gration with an automatic acquisition system and com- 
puter controlled station operation system. 

E. AAS Wind Data Gathering 
System 

During this reporting period, the Advanced Antenna 
System Wind Study (SPS 37-13, Vol. I; SPS 37-16, Vol. 
111; SPS 37-21, Vol. 111) data recording instrumentation 
final checkout was started. At present writing, the check- 
out is 758 complete. 

The Potter tape recorder bit density was converted to 
556 bits/in.; and the IBM 7090 computer program which 
had been written to dump the raw data in octal format 
was extensively modified to facilitate system checkout. 

All of the drag spheres (wind force sensors) up to the 
20-m level on the main tower were removed from the 
tower and calibrated using the analog portion of the data 

recording instrumentation system. They were subse- 
quently replaced and some analog wind force data was 
recorded using an eight-channel Sanborn recorder which 
was also installed in the van during the reporting period. 

Further investigation of the 8-cps resonance in the drag 
sphere output reported in S P S  37-21, Vol. 111, has led to 
formulation of a wind tunnel test program to determine 
the force transfer characteristics of drag sphere plus 
quadripod pipe stand. Implementation of the program is 
presently in progress. The tests will be conducted during 
the next reporting period. 

F. High-Power Test Laboratory 

The high-power test laboratory discussed in S P S  37-18 
has been moved to a new facility and expanded to S-band 
capabilities. The test laboratory (Fig. 9) is located at the 
antenna range at Goldstone. It is a completely independ- 
ent 10-kw transmitter system with a 20-kv power supply, 
a heat exchanger, and a klystron dolly. The addition 
of two 10-kw S-band klystrons and associated magnets 
has extended the capability of the high-power test labora- 
tory for testing all new high-power waveguide compo- 
nents that are to be used in the DSIF S-band systems. 

Diplexing tests into the first and second prototype 
S-band feeds have been run to determine if they break 
down under high power. No arcing occurred when the 
transmitter was operated in excess of 14 kw. In another 
series of experiments, the transmitter was operated at 
10 kw to determine the increase of noise temperature 
and degradation to threshold of a maser and parametric 
amplifier operated separately and concurrently as a front 
end to a phase-lock-loop receiver. A block diagram of 
the test setup is shown in Fig. 10. 

An evaluation test was conducted on each of the two 
S-band 10-kw klystrons to determine which tube was 
most acceptable for use in the DSIF S-band transmitters. 
The Eimac tube was recommended for use in the trans- 
mitters because of its wider versatility as compared to 
the other 10-kw klystron. Other high-power components 
such as waveguide switches, harmonic filters, isolators, 
and directional couplers will be tested before being 
accepted into the new S-band systems. 
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G. Systems Engineering 

The systems engineering function within the DSIF is 
concerned with three types of activity: 

DSZF systems engineering (the definition of the 
Deep Space Instrumentation Facility and docu- 
mentation of its capability). 

DSIF project engineering (the defining of DSIF 
requirements and commitments to spacecraft proj- 
ects such as Ranger, Surveyor, and Mariner). 

DSZF systems analysis (the detailed theoretical 
analysis of circuits, systems, and problems related 
to DSIF performance). 

The status of these activities is as follows: 

1 .  Systems Engineering 

Coordination support was provided to the S-band 
project to establish a final block diagram, functional spe- 
cifications, and project organization chart. 

An Engineering Planning Document was prepared de- 
scribing the control of radio frequency interference in 
the DSIF (Ref. 14). This plan outlines the necessary 
manpower, equipment, and funding necessary to imple- 
ment the DSIF with a capability to control radio fre- 
quency interference. 

2. Project Engineering 

DSIF support was provided for the following projects: 

Surveyor. A revised interface specification was pre- 
pared with the latest S-band capability changes 
(Ref. 15). 

Voyager. The final draft of a JPL proposal for the 
Voyager Mission was reviewed and revised in mat- 
ters relating to the DSIF commitment. 

Ranger 5.  Several meetings were held with Northrop 
Space Laboratories personnel to orient them on 
the DSIF capability. 

Pioneer. Meetings were held at both JPL and at 
Ames Research Center regarding the use of the 
Deep Space Instrumentation Facility for tracking 
support of the Pioneer probe. Several meetings 
were held with Space Technology Laboratory, the 
contractor for Pioneer, to orient them on Surueyor- 
type and Mariner-type command and telemetry 
systems. 

(5) 

(6 j 

Solar probe. A presentation was made for Ames 
Research Center to its study sub-contractors, Gen- 
eral Electric, Martin and Philco. The capability of 
the DSIF was discussed at this meeting. 

Mariner C. A study was made and a plan proposed 
to supplement the existing 100-kw transmitter 
capability at the Venus site of the Goldstone Track- 
ing Station. It is now planned to provide both 
command and doppler capability during the final 
months of the Mariner C mission by use of this 
research capability. The necessary doppler and 
command equipment will be procured and installed 
to provide this supplemental capability. 

3. System Analysis 

The Johannesburg site was reviewed for potential 
radio frequency interference problems associated with 
the proposed operation of a range and range-rate station. 
Site criteria and isolation values were established for 
this review. 

A functional specification for the S-band doppler sub- 
system was prepared as part of the over-all S-band system 
documentation. The input and output relationships were 
specified. 

Fig. 11 shows the DSIF interface areas and the types 
of specifications required. Fig. 12 diagrams the current 
activity of the systems engineering function. 

n SPACECRAFT 

INTERFACE SPECIFICATIONS OPERATIONAL SUPPORT 

SPACECRAFT DESIGN EQUIPMENT MANUAL 
SPECIFICATION 

INTERFACE 
SPECIFICATION 

SPACE FLIGHT OPERATION P L A N  

Fig. 11. Typical interface areas 
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H. Computer Programs 

I .  Satellite Rate Program 

It is sometimes necessary to ascertain whether the 
angular velocity and acceleration encountered in a ha-dec 
antenna tracking an Earth satellite in any given orbit 
will violate the physical limitations placed on the an- 
tenna. The orbits to which this study is directed are 
generally described in terms of the classical elements. 
The problem then becomes: Given the classical elements 
of an Earth satellite, what are the declination velocity and 

acceleration and the hour angle velocity and acceleration 
necessary to track the satellite at any given time. A pro- 
gram was written which solves the problem in the follow- 
ing manner: Knowing the classical elements, the position 
of the satellite can be described as a function of the 
eccentric anomaly, E, in a geocentric, rectangular coordi- 
nate system: 

X = a(cosE - e )  

Y = a V  1 - e2 sinE 

Z = O  

where a is the semi-major axis and e the eccentricity. 
The eccentric anomaly is related to time by Kepler's 
equation: 

M (t - 2') = E - esin E 

where T = time of perifocal passage has been set equal 
to zero for the sake of simplicity. E = E ( t )  is obtained 
by use of Newton's method for approximating roots of 
a transcendental equation. This effectively gives the posi- 
tion (and velocity) of the satellite as an explicit function 
of time in a geocentric rectangular coordinate system. 
This coordinate system is then successively transformed 
to a coordinate system centered at the station site and 
aligned parallel to the coordinate system of the antenna. 
Once this is accomplished, we are able to describe ana- 
lytically the angle velocities and accelerations with little 
difficulty. 

A Fortran ZZ program has been written for the IBM 
1620 to perform the required computations. The program 
requires the following inputs: 

GM, = gravitational constant (Earth) 

w = Earth rotation rate 

R ,  Earth radius 

4 = station latitude 

a = semi-major axis 

e = eccentriciky 

= longitude of ascending node 

0 = argument of perifocus 

i, Ai, K = orbital inclination 

t, At, N = time 
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A beginning time (t), an incremental time ( A t ) ,  and a 
number of times incremented ( N )  is input, thus allowing 
the user to sample any portion of the orbit with what- 
ever frequency is needed. A beginning inclination (i), 
aii iiicrcmenta! ificlination (Ai): and a number of times 
incremented ( K )  provide the capability of testing a given 
orbit at different inclinations, thus finding the maximum 
inclination for which the angular velocity and accel- 
eration are within given limits for tracking a satellite 
in an otherwise fixed orbit. Computation is executed as 
shown in Fig. 13. 

I I 

NO 

v 
SET,;"=I.N 

NO 

COMPUTE 
QUANTITIES 

OUTPUT 

ASSOCIATED WITH ORBITAL 
INCLINATION 

** ASSOCIATED WITH TIME 

Fig. 13. Flow diagram 

The program outputs the following quantities with 
appropriate headings: 

t = time 

LY = hour angle 

G = hour angle velocity 

LY = hour angle acceleration 

/3 = declination 

/3 = declination velocity 

.. 

/3 = declination acceleration 

p = range 

= range velocity 

;.' rar?ge acceleration 

2. DSlF Tracking Data Analysis 

The TDA facility has recently been updated by the 
acquisition of a Scientific Data Systems (SDS) 920 digital 
computer. Interface electronics are presently being built 
which will allow direct teletype information inputs to 
the computer and direct outputs to a Benson-Lehner 
(B-L) Model J point plotter. 

a. SDS 920 computer. The SDS 920 is a small, high- 
speed, general purpose digital computer. Core memory is 
comprised of 4096 24-bit words. The standard input/out- 
put devices consist of a paper tape reader,'punch unit, 
alpha numeric typewriter, and two 15-kc magnetic tape 
units. Special purpose input/output devices consist of 16 
channels of priority interrupt, two channels of direct 
teletype input, and one channel of direct plotter output. 

b. Benson-Lehner plotter. The B-L Model J point plot- 
ter has the capability to plot data from paper tape or from 
the SDS computer. Seven individual graphs may be 
plotted per pass with variable scale factors and origin 
offsets available for each graph. 

Tracking data is reduced through use of a computer 
program which utilizes the input/output capabilities of 
the TDA facility listed above. This program is comprised 
of three distinct computational areas, which are: (1) com- 
parison of predicted data to actual tracking data received, 
(2)  computation of doppler variance, and (3) data condi- 
tion code log. Implementation of the program has begun 
with coding of the basic input, conversion, and executive 
control subroutines being performed at the present time. 
The input and conversion subroutines are checked out 
and operational. The input subroutine (RDTTY) will 
accept teletype data from paper tape or by direct elec- 
tronic input. The data will be stored in a core storage 
input buffer until a carriage return (CR) character is 
encountered. This CR character initiates a buffer check 
and conversion subroutine (BCC). The BCC subroutine 
converts the input buffer storage area into separate data 
words for use by the computational areas of the pro- 
gram. The executive control subroutine (EXC) exercises 
(through sense switch control) the required options to be 
performed. 

24 



~~ ~ 

J P L  S P A C E  PROGRAMS SUMMARY NO. 37-23 

3. Stereographic Projection Program 

In the past, the use of stereographic station projections 
has proved to be a valuable aid in visualizing tracking 
problems and analyzing space trajectory-antenna rela- 
tionships. However, the production of originals for these 
projections for the older DSIF Stations has always been 
a laborious and time-consuming task. Previously, param- 
eters were computed and given to a draftsman, who in 
turn plotted the curves manually. Each plot required 
approximately a month for completion. With the acqui- 
sition of new DSIF antenna sites and the necessity for 
revisions on the older plots, it became clear that some 
means of simplifying and expediting the production of 
stereographic station projections was needed. As a result, 
a Fortran computer program has been written for the 
SDS 920 system to output --coordinates for the hour 
angle-declination intersections superimposed on the cor- 
responding coordinates of the azimuth-elevation system 
for an arbitrary station location. 

A program is now being written as a supplement to 
punch these X- and Y-values on paper tape to be used 
in the Benson-Lehner plotter. 

Eventually, the computer will be tied into the plotter 
with no supplement program needed, but at present this 
describes the system that will be utilized. 

/ 

The equations were derived by taking a point P (X, Y, 2) 
in an XYZ-system with the Z-axis parallel to the Earth‘s 
rotational axis and the Y-axis pointing positive east. 

Rotate the coordinate system 90 - + deg around the 
Y-axis where + is the station latitude. 

Assuming the line connecting the origin and P (X, Y, 2) 
to be a unit vector: 

x = cos 6 cosa (1) 

cos 6 sin (Y (2 )  y =  - 

Z = sin 6 (3) 

(Fig. 14) 

cos 6 cos a sin + - sin 6 cos + 

cos 6 cos (Y cos + + sin 6 sin + 

Projection onto the XY plane 
N 

Z 

Q = HOUF S += STATION LATITUDE 

Fig. 14. Celestial coordinate system 

sin y = Z’ = cos 7, where: 7 = 900 - y 

- x = R cos u; X’ 
(X’* + Y’2)” 

cos u = 

(Fig. 15) 
Y’ - 

(X’2 + Y ’ y  Y = Rsinu; sinu = 

But (X” + Y”)% = COS y = (1 - Z’*)X 
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- 
FIND sin, 

cos, CONSTANTS 

Y = ELEVATION 
u= AZIMUTH 

Fig. 15. Stereographic coordinate system 

Y' - Y' 
- En- 1 + 2' (7) 

where Rn is the desired map radius. 

The coordinate system was then oriented to coincide 
with the conventional XY system by letting 3 = T and 
- Y = -x. This had the effect of rotating the system 
90 deg in a counter-clockwise direction. This left Y posi- 
tive north and X positive east. 

A flow diagram of the Fortran program is shown in 
Fig. 16. After the input procedure, a is incremented and 
all values of 6 are computed on those values which lie 
within the prescribed horizon limit. This is done for the 
a's ranging from +No to -90". 

I INPUT 4,  Ro, A(H0UR ANGLE!, 0 1 A(DECLINATI0N) 

x,' K' I' I 
YES 

INCREMENT HOUR ANGLE 

x. v 
c 

WRITE OUTPUT 
TAPE 

4 
INCREMENT 
DECLINATION 

* THE GEOMETRICAL HORIZON LIMITATION TAKES THE FORM Z'= 
sin Y 0 

Fig. 16. Fortran program flow diagram 
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IV. Research and Development 

A. Ground Antennas 

1 .  Radio Astronomical Techniques for Ground 
Antenna Calibration 

a. Boresight and gain calibrations for DSIF antennas. 
Summary. We have been working on techniques for 

calibrating the gain and pointing of the large ground 
antennas in the DSIF. In SPS  37-22 a preliminary descrip- 
tion of an automatic radio-astronomical drift curve cali- 
bration technique was presented. The work on automatic 
radio star drift curve calibrations has continued. On the 
night of June 22, 9 hr of drift curve data were obtained 
using the techniques described in SPS 37-22, Vol. 111, 
pp. 22-25. The data were recorded on punched tape, 
transcribed onto IBM cards, and then reduced on an 
IBM 1620 computer. Declination and hour angles errors 
as well as relative source antenna temperature were 
obtained as a function of hour angle. 

Recent work. The digital computer programs have 
been completed, and data obtained from the radio source 
Cygnus A on June 22 were reduced. The Cygnus A data 
were obtained using the 2295-Mc Dicke radiometer (de- 
scribed in S P S  37-18, Vol. 111) installed on the Echo site 

85-ft antenna. The DSIF preprototype S-band cassegrain 
monopulse feed was used for the experiments. 

Prior to the actual experiment a schedule of hour angle 
and declination steps as a function of time was prepared. 
The antenna was moved from one fixed position to the 
next every 15 min. The hour angle steps were about 
3% deg, manually controlled; a declination raster scan 
scheme was employed after initial checkout so that the 
declination was automatically stepped by 0.1 deg. 

Before taking drift curves, it was necessary to calibrate 
the noise tube. This was done by placing a well matched 
nitrogen load at the antenna input that gave a frequency 
from the voltage-to-frequency converter which was a 
function of the input temperature of the load 86 22OK 
(Fig. 1). With the nitrogen load connected to the input 
circulator, the gas tube relay was switched so that the 
input temperature was increased and the change in out- 
put frequency was measured. The nitrogen load was then 
replaced by an ambient load and the sequence repeated. 
Thus, the frequency temperature proportionality constant 
is obtained and the effective temperature of the noise 
tube is calculated. The linearity of the system is verified 
by comparing the change in output produced by the gas 
tube at liquid nitrogen and ambient input temperatures. 
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Fig. 1. Digital radio astronomy system 

After calibrating the gas tube, the radiometer is recon- 
nected to the antenna transmission line as shown in the 
block diagram (Fig. 1). 

The antenna input and a nitrogen load input are 
chopped in a synchronous manner so that the signal going 
into the mixer is a noise signal with a squarewave audio 
modulation at the chopping frequency. The amplitude 
of the modulation is a function of the temperature differ- 
ence between the antenna and the reference load. The 
noise signal is amplified and then synchronously detected. 
The output of the synchronous detector is fed to a chart 
recorder and a voltage-to-frequency converter. The audio 
frequency produced by the converter is then treated 
by the standard station data system in the same manner 
as the doppler frequency is normally handled. A paper 
tape is prepared containing station ID, data type, time, 
hour angle, declination, frequency, and day number. 

The paper tape is converted to punched cards for later 
reduction on the IBM 1620. A sequencing device de- 
scribed in S P S  37-20 is used to control the gas tube, the 
data type number, and a bell which reminds the servo 
operator when it is antenna hour angle position stepping 
time. It was found that the scheme of firing the gas tube 
for each calibration was not sufficiently reliable, so the 

system was changed to fire the noise tube continuously 
and use a coaxial relay to control injection of the noise 
signal. 

Two digital computer programs have been prepared 
for the reduction of the drift curve data. The first pro- 
gram accepts- the station data output in the form of 
punched cards. In addition to the station data, source 
ephemeris information is provided. 

The computer first calculates the predicted crossing 
time for the actual hour angle setting taking into consid- 
eration refractive errors. Next, the baseline points at the 
beginning and end of the run are used to make a linear 
correction for baseline drift. Then, a scale factor in cycles 
per degree is obtained by comparing the baseline with 
the gas tube calibrations; the gas tube effective tempera- 
ture has been entered as one of the program inputs. 

The computer then selects those readings which fall 
within the 3-db beamwidth of the predicted source loca- 
tion. A fourth power polynomial least square fit is made 
to these points. The standard deviation is examined and 
all points whose variance is greater than 2.5 u are dis- 
carded. The crossing time and relative temperature of 
the drift curve are computed. The results of this program 
are then punched out on cards. This first program com- 
pletely fills a 40,000-bit IBM 1620 so that a second pro- 
gram was necessary to use successive drift curves to 
obtain declination boresight errors and maximum antenna 
temperature. 

The second program takes the outputs of the first pro- 
gram (declination raster offset, elevation, hour angle, 
maximum drift curve temperature). The temperature of 
each curve is corrected for atmospheric cxtinction by 
using a table lookup subroutine based on atmospheric 
attenuation predictions (Ref. 1). The first four tempera- 
tures are fitted to a second power polynomial as a func- 
tion of declination offset. The polynomial maximum gives 
the antenna temperature and the declination boresight 
error which are punched out. After the polynomial is 
obtained, the first point is dropped and a fifth point is 
used to compute a new polynomial. This procedure is 
repeated for each successive drift curve. The results are 
smoothed curves of declination error and temperature 
as a function of hour angle. Fig. 2 shows the declination 
raster scan, antenna temperature, declinatim errnr, and 
hour angle error for Cygnus A obtained on June 22. The 
antenna temperature, and therefore the gain, can be seen 
to vary as a function of hour angle with a maximum at Oo. 

The technique appears to be quite promising and fur- 
ther antenna schedule time will be sought to develop 
and evaluate the procedures more thoroughly. 
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L O C A L  HOUR A N G L E ,  deg 

Fig. 2. Declination error, hour angle error, antenna temperature, and raster scan of a function of 
hour angle (Echo site 85-ft antenna) 

b. Experimental antenna radiometric tests. 
Summary. A program to calibrate the Goldstone 30-ft 

az-el antenna by radio-astronomical techniques has been 
undertaken. The measurements will be made at X-band 
(8448 Mc). They are complementary to the X-band meas- 
urements being made using the Tiefort Mountain antenna 
range. (See Section IV-A-2 of this report.) An operational 
X-band radiometer has been constructed and tested; it 
will be used on the 30-ft antenna to measure the mini- 

mum antenna temperature and to measure the tempera- 
tures of known radio sources, including the Sun and 
Moon. 

In addition to their direct relation to the detailed 30-ft 
antenna measurement program, the radiometric measure- 
ments are expected to provide useful information on the 
application of X-band frequencies to space communica- 
tions. When analyzed in conjunction with previous S-band 
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results from the 85-ft az-el antenna, the X-band measure- 

- -  ______ 

-BAND ANTENNA GAIN 

ments will lead to determinations of absolute source flux 
densities and spectra. 

The resolution of the radiometer, as determined by 
preliminary measurements, is ?A to 1°K in a system tem- 
perature of approximately 700OK. 

Recent work. 
Radiometer and waveguide system. The X-band radi- 

ometer, shown in Figs. 3 and 4, is a total-power radiom- 
eter having a gain of 115 db and an I F  bandwidth of 
6.5 Mc. The noise figure of the radiometer, operated 
double-sideband, is 3.7 db k0 .5  db, including the circu- 
lator loss of 0.1 db. This was measured on a Hewlett- 
Packard Model 340B noise figure meter with an ambieni 
load on the radiometer input. This corresponds to a total 
radiometer noise temperature of 680 +80°K. The I F  
center frequency is 10 Mc; thus, the bandwidth require.. 
ments of the waveguide system are easier to meet than 
with a 30-Mc double sideband IF system. The 3-db band- 
width requirement for the waveguide system is 31 Mc; - - 

RADIOMETER MEASUREMENT 

Fig. 3. X-band radiometer console 

however, the limiting factor is not the guide itself but 
the dual-mode horn which should be well matched 
(VSWR A 1.05) over this frequency range. 

CONSOLE CONSOLE 
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The waveguide system consists almost exclusively of 
WR 112 (large X-band) waveguide with carefully lapped 
straight-through cover flanges (Fig. 5). Milled-back 
flanges add two more discontinuities to each waveguide 
joint, and thus increase the insertion loss of the trans- 
mission line system. For this reason they are not used. 

The X-band dual mode conical horn and the Cassegrain 
secondary reflector are scale models of the S-band system 
used on the 85-ft az-el antenna at the Venus site. Fig. 6 
shows the horn in the Cassegrain cone. The waveguide 
system between the horn and the radiometer is mounted 
in the cone, and the radiometer box is mounted on the 
transmitter cage behind the reflector backup structure. 
The small horn has an unmatched VSWR of about 1.3 
which must be compensated for with a three-stub tuner 
(Fig. 5). 

DUAL-MODE 
CONICAL HORN 

WR-112 
WAVEGUIDE 

ATTENUATOR 

G&S 

AMBIENT 
LOAD - 290'K DIRECTIONAL 

COOLEDLOAD LIQUID NITRDGE 
-BOK COOLED LOAD 

LIQUID HELIUM 

TO ANTENNA 
GAIN MEASUREMENT 
SYSTEM 

DIRECTIONAL 
COUPLER. 20 db 

-CIRCULATOR 

LOCAL 
OSCILLATOR 

8448 Mc 

IF  AMPLIFIER 

_ _ _ _ _ _ _ - - -  
VARIABLE I F  
ATTENUATOR 

I 

I 
DETECTOR 

BIAS OFFSET 
I a AMPLIFIER 

Fig. 5. Block diagram of calibration system 
and radiometer 

The 10-Mc IF contains seven 6688 pentode stages, two 
417 cathode followers terminating the preamplifier and 
postamplifier, and a Wallman Cascode preamplifier con- 
sisting of 437 and 417 triodes (Ref. 2). 

The IF  amplifiers are very sensitive to changes in B +  
and filament voltage. A 15-mv change in B+  voltage 
results in a radiometer gain change of 1°K in a 700°K 
system, or about 0.006 db. A filament voltage change of 
only 1 mv will also cause a 1°K gain change. Because 

Fig. 6. Cassegrain cone assembly 
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of this sensitivity we have reworked the filament supply 
to bypass the built-in reference zener diode; and we have 
installed a new reference diode in a temperature con- 
trolled oven. A remote sensor on the dc filament supply 
to control the voltage in the radiometer box, rather than 
in the control room, has been installed on the antenna. 
This will compensate for changes in voltage in the fila- 
ment power cable due to changes in cable temperature. 
For a 10°C temperature change in 1000 ft of the No. 4 
copper wire being used, we will experience a filament 
voltage change of about 30 mv. We are presently still 
experiencing a gain instability of -t l°K, which we attrib- 
ute to the mixer diodes and local oscillator drive vari- 
ations. .Further selection of mixer crystals and planned 
improvements in local oscillator performance should 
reduce the instabilities. Use of a Hewlett-Packard Model 
620 signal generator as a local oscillator instead of a Trak 
Model 9127 microwave oscillator reduces the peak-to- 
peak noise jitter by about % O K  in a 1°K jitter. 

The noise temperature fluctuations (AT) at the output 
of the radiometer can be represented as composed of two 
sources: (1) thermal noise jitter (T,/V%G) and (2) radi- 
ometer gain instability [(AG/G) T , ] ,  where 

T," = system temperature 

B = predetection system bandwidth 

T = postdetection integration time 

4G = gain change of radiometer 

G = gain of radiometer 

The integrated rms value of fluctuations will be the 
quadratic sum of the two contributions; 

AT,,,,, = T ,  [-& + (s) '1% 
Fig. 7 is a radiometer recorder chart showing the effect 

of time constant on system noise temperature fluctuations. 
A change in time constant from 1 to 4 sec only reduces 
the peak-to-peak noise temperature fluctuations in the re- 
corder output from about l%"K to about 1°K. This indi- 
cates that we need to work on reducing both causes of 
noise temperature fluctuations noted above. The fignre 
shows that the present short term gain instability is about 
1°K peak-to-peak in a period of about 15 sec. 

Thermal noise jitter of about 1°K does not present a 
major impediment to data analysis as long as the gain 
instability is much less than this. The long term baseline 

Fig. 7. Recording of X-band 
radiometer 
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drift as indicated in this record amounts to about 3°K 
in ?h hr. 

An examination of Fig. 5 will indicate how the noise 
temperature of the various gas tubes and the antenna 
temperature may be determined. By switching between 
ambient, nitrogen, and helium loads, the antenna, and 
the three gas tubes, and by moving the IO-db attenuator 
from one gas tube to the other, we can, by a series of 
simultaneous source contribution equations, solve for the 
unknowns in several ways. We expect to report on pre- 
liminary temperature measurements and their absolute 
accuracy in the next Summary. 

2. Radiation Pattern and Antenna Efficiency 
Computer Studies 

a. Summary. Two studies are currently being con- 
ducted, using the IBM 7094 computer, to numerically 
evaluate the scalar far-field radiation pattern integral and 
aperture efficiency of paraboloid reflector antennas. Both 
programs are operative and some preliminary studies 
have been completed. 

The radiation pattern program is being initially utilized 
in connection with present tests on the 30-ft az-el an- 
tenna. Computed results including aperture blocking by 
the subreflector and quadripod are given and are com- 
pared with experimental azimuth and elevation patterns. 

integration ( N P )  resulting in 224 aperture points of inte- 
gration. Subsequent work has utilized (NR)  (Np)  prod- 
ucts ranging from 512 to 4,860, a total range of more 
than 20:l. 

Because these test cases utilized an axially symmetric 
feed illumination, increasing N P  for a given NR pro- 
duced essentially no change in computed patterns with 
the exception of relatively wide angles (6' > 15 full 
half power beamwidths). Furthermore, these test cases 
assumed perfect surface paraboloids. Cases involving 
distorted reflector surfaces may well show the N P  de- 
pendence more clearly. 

Variations in NR for a given Nfl produced significant 
changes in computed patterns comparatively close in to 
the main beam (6' 4 full half power beamwidths). In 
general, predicted levels became more accurate in direct 
proportion to NR. 

Unfortunately, this program nearly saturates the 32K 
word capacity of the 7094 when arrays of 27 X 180 size 
are used; thus, preliminary accuracy limits, without re- 
sorting to reprogramming to use magnetic tape storage 
equipment, appear to be ~1 db (0 < 6' < 5 full half 
power beamwidths, -5 db (5  < 6' < 10 full half power 
beamwidths), and questionable thereafter for arrays of 

The antenna efficiency program is described. Results 
of one test case to evaluate the accuracy of the calcula- 
tion are given; the spillover and aperture efficiency for 
the 30-ft az-el are calculated. 

b. Recent work. 
Radiation pattern computer program. Computer studies 

are being conducted in an attempt to resolve discrep- 
ancies between predicted and experimental pattern re- 
sults on the 30-ft antenna at 8450 Mc. Two interrelated 
studies have been performed during the last period: 

(1) Increasing the number of aperture radii of integra- 
tion and/or the number of aperture azimuthal 
angles of integration, NR and N P ,  respectively, in 
an attempt to improve the accuracy of the pre- 
dicted patterns. 

(2) Including the blocking caused by the hyperboloid 
subreflector and support (quadripod) members. 

Previous investigations (SPS 37-21, Vol. 111) utilized 
illumination and surface deviation functions defined for 
14 radii of integration ( N R )  and 16 azimuthal angles of Fig. 8. 30-ft az-el, optical illumination 
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maximum size with some dependence upon details of 
the individual case, i.e., absence or presence of unsym- 
metrical reflector surface, feed phase, and feed amplitude 
arrays. 

Aperture blocking has been handled on an approximate 
(optical) basis by assigning zero intensity to the appro- 
priate regions of the amplitude array. Fig. 8 shows the 
30-ft az-el illuminated with a 500-w floodlight placed 
near the horn. As can be seen in this figure, the subre- 
flector scattered light optically over the paraboloid sur- 
face. Clearly defined is the subreflector (and 6-ft gain 
standard) and the quadripod legs with their associated 
shadows. It will be noted from Fig. 8 that two types of 
structural members are used in this installation. Because 
the two members represent obstacles having minimum 
dimensions in the order of 2 and 6 wavelengths, the 
optical approximation is not totally unreasonable. Fur- 
thermore, it is to be expected that this antenna will 
exhibit secondary patterns having some polarization de- 

pendence as well as different azimuth and elevation pat- 
terns, especially in the sidelobe region, as a result of the 
quadripod asymmetry alone. 

Figs. 9 and 10 show, respectively, azimuth and eleva- 
tion patterns for two computed cases and experimental 
data. The spread in experimental data represents ob- 
served polarization dependence as previously discussed. 
Case A was computed accounting for subreflector block- 
ing only; hence, the azimuth and elevation predictions 
are identical. Case B was computed accounting for sub- 
reflector and quadripod blocking. The azimuth and ele- 
vation predictions show some difference as will be noted 
in the region of 8 = 1.60 deg. Both computed cases used 
experimentally determined feed amplitude and phase in- 
put. The reflector surface was assumed perfect (DZ = 0)  
with N R  = 27, N p  = 180. That the reflector is perfect is 
somewhat in error as will be seen in SPS 37-20, Vol. 111, 
p. 30, Fig. 7. The experimental patterns shown were 
taken with the reflector panels set for optimum 5-deg 

8. deg 

Fig. 9. 30-ft az-el azimuth pattern, 8450 Mc 
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9, deg 

Fig. 10. 304 az -e l  elevation pattern, 8450 Mc 

elevation orientation. Additional main beam broadening 
at low levels, as well as null filling, will be the predicted 
result if the actual deflections are included in the com- 
putations, based on previous work (SPS 37-21, Vol. 111). 

In general, the computed Case B results compared with 
the experimental data are considered encouraging evi- 
dence of the validity of the program as well as showing 
the significant role of the quadripod structure upon side- 
lobe level and distribution. As shown in the following 
article, the quadripod is also significant in determination 
of aperture efficiency. 

Antenna efficiency computer program. Previous work 
( S P S  37-15, Vol. 111) has shown the desirability of evalu- 
ation, by digital computer, of aperture efficiency and 
some related factors such as spillover, cross-polarization 
loss, and noise temperature. A new program written for 
an IBM 7094 includes these effects while accounting for 
aperture blocking by an approximate (optical) method. 
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The efficiency with which a feed illuminates an aper- 
ture of edge angle .\k in the absence of cross-polarization 
loss, phase errors, and blocking has been shown to be 
(Ref. 3) 

where Gf (q ,  [) is the illumination gain function defined 
as the ratio of radiated power in a given direction per 
unit solid angle, to the average power radiated per unit 
solid angle, and is related to the field-strength feed 
pattern as 
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Assuming the feed patterns to be axially symmetric or, 
by averaging, Eqs. (1) and (2) give 

The denominator of Eq. (3) can be separated to handle 
all energy radiated by the feed: 

where E,, (#) is the cross-polarized field-strength feed 
pattern. 

Blocking calculations based on geometric optics theory, 
useful only when the obstacle is large compared with the 
wavelength, have been formulated for some simple ob- 
structions such as axially symmetric circles and rings, 
wedges and arbitrary areas (fractional rings). Fig. 11 
shows blocked areas typically encountered. Apex block- 
ing is handled by integration over the appropriate region 
in the numerator of Eq. (3). The unobstructed fractional 
area in the presence of wedge blocking is taken as 

Fig. 11. Blocked areas, efficiency computation 

where represents the apex blocking extremity. As 
mentioned above, a computer program has been written 
to numerically evaluate Eq. (7). Because system optimiza- 
tion includes a trade-off between gain and noise tempera- 
ture, as a function of spillover, this program continuously 
evaluates Eq. (7) with * as an independent variable, thus 
computing 96 (q) for 0 < * < x / 2 .  Six energy distribu- 
tions representing the denominator of Eq. (7) are output: 

(A) 0 < $ < q, dominant and cross-polarized, referred 
to total energy. 

K = l -  p , +  ' . . P n  (5) 

Axially symmetric rings and fractional rings are included 
by writing E f  ($) with appropriately placed regions of 
partial or total blocking by writing 

(B) * < $ < X / 2 ,  dominant and cross-polarized, re- 
ferred to total energy. 2 x  

( C )  x / 2  < + < X ,  dominant and cross-polarized, re- 
ferred to total energy. 

(6) 

The denominator of Eq. (3) is unaffected by the obstruc- 
tions and Eq. (3) can be written to include the block- 
ing as 

It will be noted that distributions (B) represent the rear, 
or ground, spillover for the zenith look orientation of 
the antenna. 

cy, ($) + . . . cy,($) 
27 Ki ($) = 1 - 
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To operate the program the following parameters are 

(1) E f  (+) or 20 log,, E f  (+) defined for 0 < + < w. 

input: 

(2) E,: (I{) nr zn hg,,  E L j  (!+) defi2e.l fer 0 < # < 7 7 .  

(3) K ,  (+) or K ,  (+) = CONSK, if no ring blocking 

(4) k,, apex blocking extermity, deg. 

(5)  K ,  if wedge blocking exists. 

(6) PSIONE, starting value of continuous integration, 

exists. 

deg. 

integration, deg. 
(7) DELPNT, print increment for + during continuous 

(8) Interpolation, linear, in either field-strength or 
log,, power independent of the input form. 

are input affording operational convenience. 
(9) Additionally, several machine control parameters 

Aperture efficiency, as defined, is referred to that 
obtained with uniform illumination, accounting for space 
loss, that is, 

E ,  (+) = secz($), o < + < * 
E ,  (+) = 0, k < + < x  

A test case using the above dominant polarized input, 
no cross-polarized component, and no blocking gave 
results accurate to f0 .2 ,  -0.1% for 0 < + < ~ / 2 ,  interpo- 
lating between 1-deg data points. Thus, the program is 
considered sufficiently accurate to be a valuable tool for 
optimizing the ratio of aperture efficiency to system noise 
temperature, as well as yielding highly accurate absolute 
efficiency values in the absence of phase errors. 

Preliminary results, based upon averaging the Casse- 
grain feed patterns used on the 30-ft az-el at 8450 Mc, 
indicate the following aperture efficiencies in the absence 
of phase errors and cross-polarization: 

No blocking; r]  (62 deg) = 0.826. 

Subreflector blocking; ~p (62 deg) = 0.760. 

Subreflector and quadripod blocking; T8  (62 

Case A. 

Case B. 

Case C. 
deg) = 0.647. 

The advantage of continuous evaluation of q p ( k )  and 
the energy distributions is evident in Fig. 12 which rep- 
resents Case C, above. In Fig. 12, peak efficiency is seen 
to occur with an edge angle of 59.0 deg, accompanied 
with spillover of nearly 3%. The 30-ft antenna has an 
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Fig. 12. Efficiency and spillover: 30-ft az-el 
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edge angle of 62.0 deg, yielding somewhat less efficiency; 
but zenith look spillover is 1.09%. Case C computed results 
also show a forward spillover of 2.42%. 

Future studies will include cross-polarization, and the 
radiation pattern program will be utilized to obtain a 
representative figure for gain loss due to feed phase and 
surface deformation losses. Availability of the above two 
efficiencies will allow an accurate prediction of over-all 
antenna efficiency. 

B. Planetary Radar Project 

I .  Radar Observations of Mars 
a. Introduction. During the recent opposition of Mars, 

a series of radar observations was made at the DSIF’s 
Goldstone radar station. These measurements were run 
during the several weeks from January 31, 1963 to March 
2, 1963, with essentially the same radar which was used 
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( S P S  37-19, Vol. 111, pp. 23-27; 37-20, Vol. 111, pp. 39-42; 
37-21, Vol. 111, pp. 47-49) and the system noise tempera- 
ture has been lowered to 37'K (SPS 37-17, Vol. 111, pp. 

40-41). Two types of experiments were performed. One 
was the measurement, using radiometer techniques, of 
the total power contained in the echo. The other was an 
analysis of this power, using the autocorrelation approach, 
into its frequency spectrum. The equipment which was 
used to accomplish this is described in detail in a separate 
report (SPS 37-14, Vol. I, pp. 111-116 and Ref. 4). 

18-21; 37-20, Vol. 111, pp. 38-39; 37-21, Vol. 111, pp. 

b. Spectrogram. Fig. 13 is a sample spectrogram aver- 
aged over several weeks of data. It represents over 65 hr 
of signal integration, covering echos from a full 360 deg 
of Martian longitude. A pure sine wave is transmitted but, 
due to the doppler effect resulting from the planet's rota- 
tion, the echo spans a frequency interval of 7.6 kc. As can 
be seen from Fig. 13, most of the power is contained in a 
band of only 450 cps. This corresponds to reflections from 
a disk about 250 mi wide on the surface of Mars. Thus, 
the sub-Earth point stands out as a small highlight area. 
Venus shows a similar but larger highlight in proportion 
to its size so that Mars is somewhat smoother than Venus, 
in this sense. 

c. Total power measurements. Each transmit cycle 
lasted about 11 min, which was the radar round-trip time 
to Mars. This was followed b y  a receive cycle of the same 
length. In this manner each successive transmit cycle 
illuminated an area about 200 mi farther westward at 
about 13 deg North latitude on Mars. Throughout the 

-20 I I 
0 2220 

FREQUENCY, cps 

Fig. 13. Echo spectrogram 

nights of the experiment, each 250-mi disk was illumi- 
nated about 12 times. The average signal power from 
each of these areas defines a radar brightness map for 
the 13-deg parallel on our neighbor planet. 

Fig. 14 shows this radar map. Since echo power was 
measured through a 400-cps predetection filter, dark 
areas may be due either to lower reflectivity or to rougher 
areas which spread the signal beyond the filter passband. 
A map of some of the visible features on the Martian sur- 
face serves as a background. It is interesting that the 
region of Syrtis Major appears light to radar but dark to 
visual observations. Error flags on the curve were deter- 
mined experimentally by measuring the standard devia- 
tion of the observations with only noise applied to the 
receiver. A reflectance of 3.2% is obtained by averaging 
all of this data together. 

Mars is a very difficult radar target because of its great 
distance from the Earth, rapid rotation rate, and poor 
reflectivity. During future oppositions, when the state of 
the radar art is advanced and Mars comes much closer to 
us than the 62,400,000 mi this year, it will be possible 
to obtain data for much more detailed maps. 

2. Mod 111 Transmitting System 

As reported in SPS 37-22, Vol. 111, p. 17, the period 
since the termination of the radar exploration of Mars, 
Mercury, and Venus experiment has been used to correct 
a number of transmitter deficiencies that have been con- 
tributing to reduced reliability. The major effort has been 
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Fig. 14. Radar reflectivity of Martian thirteenth parallel 
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devoted to the 100-kw amplifier protective circuit and the 
power supply rectifier tubes. Concurrent with this pro- 
gram has been the documentation of the system. The 
contract for the transmitting system was terminated in 
Aprii prior to compictiuii of the doeur;..er,ts by the con- 
tractor. 

a. 100-kw S-band klystron amplifier. As stated in the 
referenced SPS,  one of the major factors resulting in de- 
graded transmitter reliability was false crowbar actions 
triggered by noise pulses picked up by the circuit used to 
measure the klystron body current. Three systems protect 

cuit, intended primarily for gradual increases in current 
experienced while tuning the klystron, will shut the sys- 
tem down but will not trigger the crowbar. A second 
system will respond in milliseconds to high body current 
and crowbar the dc high-voltage power supply output. 

1 the klystron against high body current. A slow-acting cir- 

I In a third system, which protects the tube in the event of 

an actual klystron body arc, the surge of power supply 
current is applied to a pulse transformer in the crowbar 
cabinet which fires the crowbar within 5 psec. In the first 
and second systems, body current is sensed by a Hewlett- 
Packard 828B dc current meter and 3528A probe used as 
a differential ammeter. Both the anode and cathode 
power cables run through the same current probe with 
the cables arranged so that the currents in the two cables 
run in opposite directions. The ammeter then measures 
the difference between the currents in the two wires. 
This difference is the current which returns to ground 
through the klystron body rather than by the normal path 
to the anode. The current meter provides a voltage output 
which is proportional to the measured current. This volt- 
age is sensed by the body current meters and by the 
crowbar logic chassis. Relay type body current meters con- 
stitute the slow-acting protective circuit; the crowbar logic 
chassis constitutes the fast response circuit which shuts off 
the high voltage when rapid transients occur (Fig. 15). 

- - _ _ _ _  
SUPPLY POWER ‘ -55 kv [;$I 17 1: 

_ - _ - - -  
HIGH-VOLTAGE 

TRI -AXIAL  
CABLE 
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1- - COLLECTOR ‘6’ f CURRENT (AT  TRANSMITTER) - - 

55 k v  
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- ------ -- UNDER CURRENT 
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- - - - -  ----- - 
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TO POWER 
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Fig. 15. Original crowbar circuit 
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The circuit of the dc current probe and the crowbar 
logic was analyzed, and the response time was calculated 
at over 1000 psec. The main limitation is in the Hewlett- 
Packard current probe sensing unit. 

Prior to analyzing the actual transient response of the 
crowbar circuits, the steady-state trip level of the crow- 
bar had to be set. A nominal klystron body current was 

assumed as the operating value. A second body current 
value was chosen to provide a margin of approximately 
100% above the operating body current. This value of dc 
current was then sent through a temporary wire passing 
through the current probe (Fig. 16). The “body current” 
trip-adjust control was subsequently adjusted until a 
crowbar was obtained. 

CROWBAR LOGIC 

r C U R R E N T  PROBE 

1 

B I I  \L/ c r BODY 

A 

- -- CROWBAR 
CURRENT t TRIGGER 

METER - OUTPUT 

- 
I 

1 = 

I n 
TRIGGERING L E V E L  A ADJUSTMENT 

J f l W  I l l  

I 7 
I 000-ft 
R G - 5 0  
CABLE 
CALIBRATED 
FOR LOSS 
AND DELAY 

I 

LOCAL BODY 
CURRENT 

C COMPARATOR MODULE 

I: = SUM MODULE 

I I  A I = INVERTER AMPLIF IER 

REMOTE BODY 
CURRENT 

Fig. 16. DC calibration of crowbar circuit 
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Fig. 17. Calibration of crowbar response 
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POWER 
SUPPLY 

It was desirable to analyze the transient response of 
the crowbar circuit under normal operating conditions. 
This was provided by maintaining the crowbar logic trip 
level setting mentioned above and simulating the oper- 
ating klystron body current with a hattery .fir! I" IUX- 

iliary current loop threading the current probe (Fig. 17). 
A single pulse of current was fed through a wire looping 
through the current probe, and the corresponding crow- 
bar logic output pulse was observed. The delay was 
2,950 pec.  

- 
- \ L l l  

- - - _ _ -  
f 3  ----- 

------ ' 

SENSING I HIG-VOLTAGE- 

The following steps were taken to make the crowbar 
more reliable and less susceptible to false signals: 

PROBE - TRI-AXIAL 
CABLE 

- - CURRENT METER 
COLLECTOR 

f m  - 

The output of the crowbar logic chassis is a relatively 
high impedance. This is undesirable since the crow- 
bar logic chassis must drive a low impedance silicon- 
controlled rectifier, and the long cable from the crowbar 
logic chassis to the high-voltage power supply is suscep- 
tible to pickup. The problem was corrected by installing 

' 1  

\-./ 
I , KLYSTRON 

an emitter follower in the crowbar logic chassis, thereby 
providing the low output impedance. 

The crowbar logic high-frequency response was re- 
cliicpd te I vz!ue appi~xhing the a c t d  i-equiremeni-s 
of the input signal from the body current probe. 

HIGH-VOLTAGE 
INVERSE 
SIGNAL 

A 60-cps filter and a 400-cps filter were placed at the 
input to the crowbar to reduce power line pickup. 

(AT TRANSMITTER) - - 
- - 

KLYSTRON MAGNET 
UNDER CURRENT 
INPUT I 

- -I-- -- 
- _ _ _ _  L - _ -  -i- CABLE RUN FROM 

150 f t  ANTENNA TO I 

A -  - I 
r - - - - f - TRANSMITTER 

---I 
t - ~- - 

The Hewlett-Packard current probe output was sent 
directly to the crowbar logic chassis instead of passing 
through 2500 ft of wire and two body current meters 
as was originally the case (Fig. 18). 

Shielded, twisted-pair wire was installed for the crow- 
bar logic signal wires. In addition, the offending trans- 
mitter control panel switches were noise-suppressed. 

TO CROWBAR- CROWBAR 
GE LOGIC 

TO POWER CROWBAR - 

The final effort involved placing the crowbar logic 
chassis in a completely shielded box containing power 

TWISTED-SHIELDED - g - - y  PAIR CABLE 

1 - - - _ -  - --  

1 1 

TRIP-OFF + 
RELAYS I - LOW-PASS - 
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line noise filters and coaxial cable connectors for input 
and output signals (Figs. 19 and 20). 

A further improvement was made to the crowbar indi- 
cation circuitry. The relay on the crowbar logic would 
not respond to fast transients and indicate a body cur- 
rent crowbar. This was true even though an actual crow- 
bar was produced. It is of vital importance to differentiate 
between klystron crowbars and high-voltage power sup- 
ply crowbars in order to locate and correct faulty 
components. A transistorized multivibrator and keyed 
amplifier circuit was designed and installed in the crow- 
bar logic chassis. The indicator circuit now responds to 
all klystron crowbars and furnishes an indication distinct 
from power supply crowbars. 

Fig. 19. Photograph of crowbar logic 

b. B e a m  p o w e r  supp ly .  In SPS 37-22 it was stated that 
a set of rectifier tubes had been procured from a second 
source. These rectifiers were aged and tested during this 
reporting period. There were no internal or external arcs 
in connection with these rectifier tubes during the timie 
they were in operation. The dc power output was held 
between 514 and 590 kw for 3 hr and 30 min without 
any rectifier difficulty. Since only six rectifiers were used 
in this test, each tube was carrying a load in excess of 
that required with 12 tubes in the circuit and 1,000-kw 
dc output. 

A set of six tubes from the original source was also 
aged and tested during this period. Although this SUFI- 

plier has an improvement program underway for his 
rectifiers, this set tested was practically the same as those 
originally supplied. During the test program, there were 
a number of internal arcs as the “out-gassing’’ of the 
tubes occurred. This set of six tubes was operated a.t 
above 500 kw for 4 hr, but they were not free of internal 
arcs as were those from the second source. 

c. RF sioitch isolation. It was reported in S P S  37-22 
that a test was made to determine the noise power devel- 
oped by the klystron beam without drive. In order to 
obtain additional information which will be needed in 
future planetary experiments, a test was made to deter- 
mine the isolation provided by an RF switch. The test 
setup was as shown in Fig. 21, and the results are plotted 
in Fig. 22. From the curve in Fig. 22 it can be seen that 

0 . . . 

s 

Fig. 20. Photograph of crowbar logic case 
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POWER BRIDGE Ll r R F  SWITCH 

TRANSMITTER - 

U 
SHORT 

WATER LOAD 

Fig. 21. Switch isolation test 
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Fig. 22. RF switch isolation 

the switch attenuation is tending toward approximately 
80 db as the transmitter power was reduced. This cor- 
relates with the data taken on the switch in the labora- 
tory using a low-power signal generator. The exact reason 
for a decrease in switch attenuation with an increase in 
transmitter power is not known at this time. The most 
logical explanation is that the switch heats under power. 
This results in changes in the mechanical fit of the stator 
and rotor. which causes reduced attenuation. 

3. Mod IV Plunetury Rudur Exciter 

A new exciter, of improved design, for use with the 
100-kw S-band transmitter has been fabricated and in- 

stalled at the Goldstone Venus site. Data has been taken 
to verify performance to the design specifications. 

a. Purpose. The Mod 111 exciter, described in SPS 37-19, 
Vol. 111, pp. 23-27, was originally designed for use with 
the 10-kw transmitter and through numerous modifica- 
tions served through the first planetary work using the 
100-kw transmitter. With the move of the planetary radar 
to the control room and a general upgrading of the sys- 
tem, it became desirable to replace the exciter to provide 
compatibility with other parts of the system, improve 
reliability and stability, and bring performance in Iine 
with current state-of-the-art. Most modules in the Mod I11 
were several years old and did not conform to present 
designs. 

b. Description. The new exciter design is based on 
operating experience from the Mod 111 and so did not 
differ greatly from the last block diagram of that unit. 
The principal improvements are: 

(1) All modules are the new low-leakage type provid- 
ing leakage around the package or on any power 
lead less than 3 pv. This has proved of prime 
importance in operating large systems. The h4od I11 
module leakages were in excess of 10 pv. 

Fig. 23. Mod IV planetary radar exciter 
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(2) The modules are mounted on a standard cold plate 
to provide temperature stabilization through water 
cooling. 

in the present mode of operation is 100 mw so no limi- 
tations will be placed on power output by the exciter. 

Bandwidth characteristics are shown in Fig. 25. The 
3-db bandwidth of 6 Mc is twice the minimum require- 
ment in this system. This measurement was made by 

(3) More reliable power supplies are used. 

(4) Improved metering, protective, and data readout 
circuits are provided. 

Fig. 23 is a photograph of the exciter together with the 
rubidium frequency standard, the frequency synthesizer, 
and the 100-kw transmitter remote controls. These sys- 
tems are mounted together for operating convenience. 
Fig. 24 is a block diagram of the exciter. Blocked grid 
keying at 31.84 Mc and phase modulation at 159.2 Mc 
are provided as they are used in the planetary radar. 
In addition to the blocked grid keying, a coax relay is 
provided at the input to assure sufficient attenuation of 
the drive signal during receive periods. The signal is 

plied to 2388 Mc and amplified to 3 w to drive the 
klystron. The drive requirement of the 100-kw klystron 

5 80 
,k? 

$ 6o 

'$ 
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conducted to the antenna at 159.2 Mc, where it is multi- -11.25 -7.500 -3.750 -2388 3.750 7.500 11.25 15.00 
FREQUENCY, Mc 

Fig. 25. Frequency exciter 
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Fig. 24. Mod IV S-band exciter 
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injecting a signal into the X5 multiplier and measuring 
the power output of the 3-w amplifier. 

The rms phase deviation at 2388 Mc in a 5-cycle loop 
was 2.7 deg. This measurement was made by feeding a 
strong signal into the front end mixer of the Mod IV 
planetary radar receiver and comparing this signal to 
the main VCO of the receiver. The phase deviation meas- 
ured was, therefore, the rms sum of the phase deviation 
of the exciter and the receiver. This is well within allow- 
able limits. 

4. Mod IV Planetary Radar Receiver 

a. Introduction. Further steps have been taken on the 
installation at the Venus site, Goldstone Tracking Station, 
of the Mod IV planetary radar receiver described in pre- 
vious summaries ( S P S  37-21 and 37-22, Vol. 111). Specifi- 

Fig. 26. Planetary radar cone in cone storage area 
after removal from az-el antenna 

cally the “front end” and associated power supply were 
installed in the antenna feed cone, the performance of 
the synchronous receiver AGC system was measured for 
the entire receiver, and the AM spectrum analysis equip- 
ment was used to check for spurious signals in the non- 
synchronous receiving channels. Subsequently, the cone 
was removed from the antenna and placed in the cone 
storage area of the transmitter building to permit resur- 
facing of the antenna (Fig. 26). Temporary cables have 
been installed to allow further operation and testing of 
the receiver. 

b. Synchronous receiver AGC system. Performance of 
the AGC system was determined by measurements of 
the static gain error and the AGC loop frequency re- 
sponse. The static gain error is a measure of the AGC 
system capability of holding the receiver output to a 
small charge (ideally 3 db or less) over a large input 
signal range (desirably 100 db). To accomplish this a 
tracking receiver usually employs AGC on both IF ampli- 
fiers. In the present receiver configuration the 30-Mc IF 
preamplifier is shared by five receiving channels; hence, 
its gain cannot be controlled automatically b y  any one 
channel. Therefore, only the 30-Mc balanced mixer and 
455-kc IF amplifier of each channel are gain controlled. 
The total gain of the two modules is about 100 db, which 
does not permit the AGC system to handle a 100-db 
dynamic range of signal. Fig. 27, the receiver static gain 
characteristics, shows that the output level is held within 
3 db for an input signal change of -160 to -87 dbm. 
This is adequate for planetary ranging. 

The frequency response of the AGC loop must be 
measured on a piece-wise basis since the loop gain varies 

R E C E I V E D  SIGNAL L E V E L ,  d b m  

Fig. 27. Static gain control characteristics of Mod IV 
receiver with no AGC on 30-Mc preamplifier 
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with signal level but is essentially constant for small- 
signal changes (on the order of 3 db). The transfer func- 
tion of the AGC loop is: 

where 

G = AGC loop gain 

= K . , K , A  

Ka = receiver attenuation constant 

K ,  = AGC detector constant 

A = AGC dc amplifier gain 

T = AGC filter time constant 

From this, the amplitude response can be obtained: 

1 ' 4  

The frequency response was measured by amplitude 
modulating the receiver input signal and recording the 
resultant ac component on the AGC voltage. Figs. 28 
and 29 are the theoretical and measured results for sig- 
nal levels of -125 and -150 dbm. Curves run at -95 
and -135 dhm are similar. Only data for the T = 290-sec 
filter is shown for -150 dbm; the 7 = 10.8-sec filter is 
not normally used for weak signals. 

K, =RECEIVER ATTENUATION 

KO =DETECTOR CONSTANT 

4 = DC AMPLIFIER GAIN 

CONSTANT = 2 75 db/v (ME 

MODULATING FREQUENCY, cps 

Fig. 28. AGC loop frequency response, 
- 125-dbm signal level 

KO 'DETECTOR CONSTAN 

MODULATING FREQUENCY, cps 

Fig. 29. AGC loop frequency response, 
- 150-dbm signal level 

c. Spurious response. The AM spectrum analysis equip- 
ment was used to detect leakage and spurious signals in 
the nonsynchronous receiving channels. This unit is a 
device for determining the power spectrum by statistical 
methods. Leakage at 30 Mc, equivalent to -177 dbm 
at the receiver input, was detected on the AGC bus of 
the AM channel. The leakage, introduced by a vacuum 
tube voltmeter monitor lead, was eliminated by filtering. 

5. Phase Coherent 30-Mc Monitor 
a. Introduction. The planetary ranging system meas- 

ures the propagation time of the signal from the antenna 
to the planet and back plus the propagation time through 
the transmitter and receiver. The delay in the transmitter 
and receiver represents an error of approximately 2500 mi 
which must be removed by measuring the delay and sub- 
tracting it from the total measured time. In the past the 
delay has been measured prior to a data run. Because 
the delay varies due to drifts in the system, it was con- 
sidered desirable to measure it during each transmitter-on 
time and subtract that value during the following receiver- 
on time. This is accomplished by monitoring the trans- 
mitter output at the face of the dish (zero range) and 
feeding it directly into the receiver. For practical reasons 
the maser and first mixer which uses the programmed 
local oscillator (LO) are replaced by another mixer and 
an LO coherent with the transmitted signal so that the 
calibration signal enters the ranging receiver at the 30-Mc 
IF. This causes a negligible error because the two front 
ends are similar and because, since they are broadband, 
either one contributes a very small portion of the total 
delay. The equipment to monitor the transmitted signal 
has been designed, constructed, tested, and is being 
installed. It also provides a signal to monitor the trans- 
mitted spectrum. 
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V AR l ABLE 
ATTE NU ATOR I 

b. Description. This equipment provides a 30-Mc sig- 
nal, which is phase coherent with the transmitted fre- 
quency, for the purpose of determining the total delay 
in the transmit-receive system and also for examining 
CrOnrm;CCo.. L I U . I L ) I . . I L I " I  LIp)uI;"uJ C _ . . l . f i . . O  or sidehands. The block diaglalll 

TRANSMITTER 

WAVEGUIDE 

EOUIPMENT 

' TRANSMIT 
COHERENT SWITCH 
MONITOR 

SPECTRUM 
ANALYZER 

COHERENT 4- LOCAL OSCILLATOR RECEIVER 

Fig. 30. System for measurement of transmitter, 
spurious and range zero 

shown in Fig. 30 indicates how it ties in with the rest of 
the system. During the transmit cycle the transmitted 
output at the face of the dish is monitored by means of 
a probe and fed to the equipment for conversion to 30 Mc. 
inis signai is fed to the input of a spectrum analyzer for 
the measurement of transmitter spurious signals and also 
to the IF section of the receiver. Ranging equipment 
No. 2 converts the total system delay to the equivalent 
zero ranging error to provide a zero calibrating sig- 
nal for the main ranging equipment No. 1 during 
the subsequent receive cycle. Thus, true range, RT, is 
RT = ( D ,  - Dr+,z)/2 (where D ,  = measured distance and 
Dr+n = zero ranging error), which may be read directly 
from ranging equipment No. 1. 

r n l  

4 + R 

A block diagram of the equipment is shown in Fig. 31. 
The 31.44-Mc signal, synthesized from the rubidium fre- 
quency standard, is fed to the main equipment located in 
antenna case No. 1 via an amplitude limiting amplifier in 
order to make up for the loss in the 1500 ft of cable run. 
The main equipment is housed in a metal box (Fig. 32) 
which is designed to afford adequate screening from an- 
tenna radiation. 700-Mc cutoff low-pass filters are included 

1 A N T E N N A  MONITORING PROBE 

Fig. 31. Block diagram of coherent 30-Mc monitor 
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Fig. 32. Photograph of metal box 

in the 31.44-Mc input and 30-Mc output lines and line 
filters in each of the 400-cps 115-v power lines. Referring 
again to Fig. 31, the 31.44-Mc input signal is further ampli- 
tude limited and amplified and frequency multiplied in 
three varactor stages to the receiver LO frequency of 
2358 Mc. In order to minimize the generation of spurious 
frequency products, bandpass filters are used for match- 
ing at  the output of the first X5 multiplier, and at the 
input and output of the second X 3  multiplier stages. The 

2358-Mc LO frequency so obtained is then mixed with 
the monitored transmitter output frequency to produce 
the 30-Mc phase coherent signal. Variable attenuators are 
provided for adjustment of the input levels to the bal- 
anced mixer, and the input from the antenna probe is 
filtered by means of a 2388-Mc bandpass filter. 

6. Water Rotary Joint for Az-El Antenna 

a. Summary. A high-capacity rotary joint is being de- 
veloped to carry cooling water for the 100-kw transmitter 
across the azimuth axis of the 85-ft az-el antenna. In 
SPS 37-22, Vol. 111, p. 29, the fabrication and assembly 
phase was discussed. This report covers the phase of 
testing and installation on the antenna. 

h. Recent work. Considerable effort was applied in 
the detail design to incorporate appropriate assembly 
aids; equally important is the method of assembly itself. 
Fig. 33 depicts the component assembly. Great care was 
taken to prevent damage to either the stellite rotating face 
or the carbon-graphite stationary face. Also, all O-ring5 
were lubricated prior to assembly to prevent rolling or 
creeping. With regard to the carbon face O-ring, this 
proved to be inadequate to prevent creeping as will be 
discussed later. The initial assembly and static proof test- 
ing was done by thc vendor; it was proof tested at  200 
psi with no visible leakage. The assembly was then shippetl 
to JPL for dynamic testing. 

Fig. 33. Component assembly 
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Fig. 34 shows the dynamic test arrangement that was 
used. The maximum velocity of the 85-ft az-el antenna 
at  the Venus site at Goldstone is approximately 1 rpm. 
In order to provide reasonable accelerated life testing, it 
was decided to conduct all of the dynamic testing at 
1 rpm. 

An accelerated life equivalent to 20 yr of operation 
was considered adequate from a quality assurance stand- 
point and acceptable in wear on the unit since the carbon- 
stellite combination is considered capable of more than 
100 yr of life at the duty cycle of one revolution per day. 
(For the last 2 yr of operation of the 85-ft az-el antenna, 
the average total rotation per day of the azimuth axis 
has been approximately 360 deg.) 

As a part of the dynamic testing, restraining torque 
measurements were made by means of a force dyna- 
mometer and the torque arm shown in Fig. 34. Torque 
measurements were significant in two ways: 

(1) If the seals are operating properly (i.e., self- 
energizing), there should be a parabolic increase 
in restraining torque with increase in pressure. 

(2) A maximum value was needed for the design of 
the floating rotational torque restraint for the actual 
antenna installation. 

Fig. 35 is a plot of the torque-pressure relationship ob- 
tained during the tests and shows that the design is indeed 
self-energizing. The coefficient of’friction for the carbon- 
stellite combination obtained from the experimental 
torque data is approximately 0.25. This coefficient of fric- 
tion was somewhat higher than originally anticipated but, 

Fig. 34. Dynamic testing 
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Fig. 35. Dynamic test pressure versus torque 

in comparison with other face-seal type material, seems 
reasonable. 

In the initial dynamic test after less than an hour of 
rotation at a duty cycle of 5 min clockwise and 5 min 
counter-clockwise at 1 rpm, a steady leak developed. The 
operating pressure was 150 psi in both cavities. 

Upon disassembly an assembly error was discovered in 
the placement of the top felt seal. Also, proper adhesion 
between the stainless steel support ring and the felt had 
not been achieved. This allowed the felt to bunch and 
force the top carbon gasket from its seat, thus causing the 
leak. The joint was reassembled with the felt seal properly 
bonded and assembled. Dynamic testing was resumed 
with the water temperature at 79OF and system pressure 
at 150 psi. No leaks developed after 2 hr of cycling. The 
temperature was then elevated to approximately 115 deg 
and rotation was continued. After less than 20 min of 
operation, leaks appeared in both the top and bottom seal. 

Disassembly and inspection was again conducted. Both 
the top and bottom seal appeared displaced from their 
seats, a condition which would permit fluid flow past 
the seat gaskets. It was felt that improper assembly tech- 
niques had been used, so reassembly was supervised by 
both JPL and the vendor. After a short period of testing 
the seals again leaked. At this point the most reasonable 
explanation was that the O-rings backing the carbon 
faccs were snaking as a result of rotation of the carbon 
faces. Snaking is a differential creep or bunching of the 
O-ring which could force the gasket off its seat. A test, 
using a dry O-ring was conducted to verify this assump- 
tion. From the results of this test more adequate restraint 
of the carbon face was considered necessary. In addition 
to restraining the carbon, tests were conducted on the 
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O-ring gasket cross-section change due to static spring 
loading and hydrostatic loading. Calculations indicated 
that the carbon face reduced in diameter approximately 
0.040 under 150-psi loading. Static loading of the O-ring 
cross-section indicated that the squeeze was more than 
adequate to compensate for the change in diameter under 
hydrostatic loading. 

Adequate pinning of the carbon face to prevent rota- 
tion was accomplished and the dynamic pressure tem- 
perature testing was continued. A life test cycling of both 
temperature and pressure was conducted. 

After rotating for the equivalent of 20 yr of life on the 
antenna, no visible leakage was observed. On this basis 
the water rotary joint was considered acceptable for 
installation and testing on the antenna. Fig. 36 shows the 
rotary joint installed on the antenna; tests have not yet 
been conducted on the antenna. 

Fig. 36. Rotary joint installed 

C. Lunar Radar Project 
7. Relutionship to Planetary Radar Project 

The astronomical radar work at JPL is properly con- 
cerned with both lunar and planetary observations in 
support of the DSIF communications missions with lunar 

and planetary spacecraft. Astronomical radar experiments 
are conducted to provide planned system operations for 
integrating state-of-the-art components and system con- 
cepts and to produce scientific data that will be usefill 
to JPL spacecraft programs. Various circumstances have 
caused past efforts to be mostly devoted to the planets, 
but it now seems possible to devote a more appropriaie 
portion of the effort to lunar radar work. In particular, a 
way has been found to use a tunneled auxiliary antenna 
to modify the monost,itic planetary radar for lunar us:. 

a. Background. W h m  the first planetary radar was set 
up at JPL in 1961 for the Venus radar experiment, the 
Moon was used as a near target to aid in calibrating the 
system. However, due to the limited time available, it 
was decided to concentrate on Venus rather than gather 
extensive data from the Moon. This proved to have been 
a wise decision, and the improvement in the accuracy 
with which the Astronomical Unit was known resulting 
from this experiment was invaluable to the Mariner .2 
flight. In any case, the radar was not really suited to 
lunar work because, in spite of the physical separation 
of the transmitter and receiver antenna by 7 mi and two 
ranges of mountains, the leakage signal tended to inter- 
fere with the return signal unless there was a consider- 
able doppler shift. The returns from Venus had a con- 
siderable doppler shift except very near conjunction; those 
from the Moon did not. 

When the second planetary radar was set up, a mono- 
static system, the situation changed with respect to leak- 
age, but was even less favorable for thc Moon. Since the 
transmitter and receiver share the same antenna, the leak- 
age signal is large enough that, for any known form 01 
feed system, the receiver would saturate even though ii 
was not tuned to the transmitted frequency. In other 
words, even the doppler shifts encountered with the 
planets do not allow simultaneous operation of the trans- 
mitter and receiver. The solution was to time-share the 
antenna, transmitting for one round-trip signal travel 
time, then receiving for a round-trip time. In order to 
time-share the antenna, the transmitter and receiver are 
alternately connected to the same feed by a waveguide 
switching system. When the transmitter is off, the drive 
is turned off but the klystron beam is left on. When the 
receiver is off, the local oscillator (LO) is turned off and 
the maser connects to a cold load. The effect of the wave- 
guide switching system is to attenuate the klystron beam 
noise when the receiver is on enough so that the receiver 
performance is not degraded, and to attenuate the trans- 
mitter power enough when the receiver is off so that the 
maser is not damaged. The LO being off keeps the re- 
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ceiver from saturating. This system works well for the 
planetary case where the round-trip time is several min- 
utes. For the lunar case with round-trip times of less than 
3 sec, it is not presently possible to obtain waveguide 
switclies iliai upe~aie fast erluugli. Eve11 iI’ liigli-sped 
drives could be developed for the present switches, their 
life would be only a fraction of a day at the high switch- 
ing rates. Furthermore, electronically controlled isolators, 
e.g., of the ferrite type, do not have the required isolation. 
For these reasons, the only lunar observations that were 
made during the early part of the program in 1962 and 
1963 were calibration runs using the output of the exciter 
with the klystron turned completely off. The drive on the 
exciter can be keyed electronically, but the maximum 
power is 3 w and it was usually run at a fraction of a 
watt. The waveguide switching was, of course, not used. 

Recent experiments on the use of an auxiliary tun- 
neled antenna ( S P S  37-21, Vol. 111, pp. 3040) mounted 
at the apex of the 85-ft Venus site antenna indicate that 
there is a way of modifying the planetary radar system 
for lunar use. The attenuation between the two antennas 
approaches 90 db. If one is used for the transmitter and 
one for the receiver, the attenuation is not sufficient to 
allow simultaneous operation, but it does provide pro- 
tection for the maser when the transmitter is on, and prob- 
ably will provide adequate attenuation of the beam noise 
when the transmitter is off. An analysis of the expected 
signal-to-noise ratio is given in the following article for 
a particular system configuration. 

b. Program. A Lunar Radar Project is being set LIP to 
develop a system and conduct experiments in a manner 
similar to that of the Planetary Radar Project. This sys- 
tem will employ essentially the same major equipments 
as the planetary radar (except for the auxiliary antenna) 
but will operate in a somewhat different way. Even 
though the smaller antenna will cause a loss in system 
performance of some 25 db relative to the planetary radar, 
the space loss is reduced by more than 80 db  so that 
much stronger signals may be expected from the Moon. 
This allows for quite different signal detection and proc- 
essing methods. 

The initial work will be concerned with installing the 
auxiliary antenna and measuring the characteristics of 
the system. Of particular importance is the determination 
of the gain of the system and the isolation between the 
two antennas. As is pointed out in the next article, the 
signal-to-noise ratio of the received signal is strongly de- 
pendent on the available isolation. Another important 
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factor determining the performance of the system is the 
spectral density of the klystron beam noise. This has been 
measured ( S P S  37-22, Vol. 111, p. 17) but only for a lim- 
ited set of conditions. The exact form of the system 
depends oii the results o’uiaiiied lioiii &e iiiiiid woik 
on the antenna and klystron beam noise. 

2. Optimum Trunsmitter Power for Klystron 
Drive-Keyed Rudar 

a. Introduction. Recent experiments with a “tunneled 
auxiliary antenna mounted at the apex of the 85-ft Venus 
site antenna indicate that it is possible to modify the 
present monostatic planetary radar system for lunar use. 
Fig. 37 shows a simplified block diagram of the modified 
system. The large antenna is used for transmitting and 
the auxiliary for receiving. The control turns the drive 
on to the klystron for a round-trip signal travel time and 
simultaneously turns the receiver off by turning off the 
local oscillator (LO). For the next round-trip time the 
klystron drive is turned off and the LO is turned on. 
The system depends on the isolation between the antennas 
to protect the maser when the transmitter is on and to 
reduce the noise from the klystron beam to an acceptable 
level at the receiver input when the receiver is on. It is 
not possible to switch the klystron beam with present 
equipment. The performance of the system is, of course, 
dependent on the isolation between the antennas, Le., 
how much noise leaks into the receiver. The performance 
also depends on the power transmitted since an increase 
in power transmitted yields a corresponding increase in 
power received, but it also causes an increase in beam 
noise. The analysis of the performance of the system as 
a function of these parameters is the subject of this article. 

85-f t  ~~ 

TRANSMITTING 
ANTENNA , 

/ 
/ 

I 
KEYER I 

I I 1 1 CONTROL I 
I I I 

\ 

IF AND RECEIVED 
OUTPUT RECEIVING MASER SWITCH DETECTOR ANTENNA 
I 

Fig. 37. Two-antenna klystron drive-keyed radar system 
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b. Analysis. The beam noise power increases as the 
klystron (carrier) output power is increased as shown in 
Fig. 38 (SPS  37-22, Vol. 111, p. 22). The noise spectral 
density of the beam noise at the antenna terminal when 
the drive is off is approximated very closely by 

where P is the corresponding power output of the kly- 
stron with the drive on. From Fig. 38 

and 
(Y = 5 x 10-25 

x = 2.85 

The total receiver system noise in a bandwidth, B,  is 

N = (kT + a a P X )  B (1) 

for a given isolation, a, between antennas. The received 
signal power, given by the radar equation, is proportional 
to the transmitted power, 

and the received signal-to-noise ratio is 

S H  P 
N B kT +aaP"' 
_ -  - - (3) 
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Fig. 38. Klystron noise power output with drive off, and 
function of carrier power output with drive on 

Since x > 1, there is some value of P which maxi- 
mizes S I N :  

kT + aaPX - aaxPX 

This derivative is zero when P = Popt ,  given by 

and the optimal signal-to-noise ratio is then 

(a> =-  H 1  
o p t  B xaaP;;; 

As an example of the above analysis, let us compute 
the optimum transmitter power to be used on a two- 
antenna radar with the following parameters: 

a = -90db 

T = 100°K 

(Y = 5 x 10-2" 

x = 2.85 

k = 1.38 X lo-?" w/cps (Boltzmann's constant) 

Then the optimum transmitter power is 

(7) = 1.85 X 10' w 

Fig. 39 illustrates the optimum transmitter powers at 
various system temperatures for several values of iso- 
iation. 

To further the example, let us assume a range-gated 
lunar radar echo using the following parameters: 

Gtrans = +53 db (85-ft antenna) 
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D = 1 7 3 8 h  (mean diameter) 

1 = 150m (1-Mc code) 

R = 4.66 X los m (at apogee) 

17 = 0.01 

B = 20 cps 

(front cap albedo and 
system losses) 

(detection band- 
width) 

A = 0.1255 m (2388 Mc) 

T = 100°K 

Fig. 40 gives the optimum signal-to-noise ratio at the 
receiver as a function of isolation. 

Fig. 41 shows the returned signal-to-noise ratio curves 
as a function of transmitted power for several values of 
isolation between antennas, to illustrate the behavior in 
the vicinity of the maximum. At a given system tempera- 
ture, a 10-db improvement in isolation allows the trans- 
mitted power to be increased 3.51 db [Eq. (5 ) ] ,  and 
increases the signal-to-noise ratio by an equal amount, 
3.51 db [Eq. (S)]. 

TRANSMITTED POWER, kw 

Fig. 41. Received signal-to-noise ratio from a 150-111 
front cap of the Moon for fixed transmitter-receiver 

isolation, a s  a function of transmitted power 

D. Ranging System Development 
I .  Monostatic Radar 

a. R&sum&. Continuing effort in the problem areas 
( S P S  37-19, Vol. 111, p. 29) associated with high-rate key- 
ing for the monostatic radar and rework of the Mod I11 
receiver and exciter for this project are leading to a 
minimum field system necessary to prove feasibility of 
such a keyed radar. Refinements necessary for full sensi- 
tivity and satellite tracking data acquisition, such as a 
programmed local oscillator, receiver angle channels, and 
data extraction equipment are presently planned for a 
complete system to be operated at X-band at a later date. 

b. Transmitter drive keying. With regard to the ability 
to key off the transmitter to a level below the receiver 
threshold during the receive cycle, further data has been 
obtained to confirm the extrapolation presented in S P S  
37-19, Vol. 111, Fig. 25. Specifically, a laboratory test 
setup, including a 3-w signal source and a calibrated 
receiver, was used in measuring the reduction of trans- 
mitter frequency multiplier output level as a function 
of multiplier input attenuation. The primary limitation 
of this measurement was the leakage present between 
the signal source and the receiver. While the system 
requires over 221-db transmitter turnoff capability for 
the previously determined 50-db UHF keying, this meas- 
urement to 140 db  lends greater confidence in the 
extrapolated slope. See Fig. 42 for test results. Further 
verification will not be feasible until a low-noise, narrow- 
bandwidth receiver of typical leakage is available. 

c. Oscillators and frequency references. The Mod I11 
receiver and exciter were made available for this project 
without suitable UHF oscillators and references. Since 
the receiver must track full doppler shifts without aid 
of a programmed local oscillator, an adaptation of cur- 
rent designs for low phase noise oscillators is being devel- 
oped to provide a stable oscillator with “wide swing” 
capability for use in the main receiver loop. The stable 
reference frequencies for the exciter and receiver will 
be obtained in the field from the planetary radar instal- 
lation presently existing at the Venus site at Goldstone 
Tracking Station. The frequency synthesizer removed 
from the Mod I11 receiver and exciter is being adapted 
for use in system testing at the Laboratory. 

d.  Synchronous sideband detector. A means of rejec- 
tion of spurious receiver locks to keying sidebands has 
been undergoing preliminary analysis and development 
( S P S  37-21, Vol. 111, p. 81). Initial portions of this sub- 
system have been assembled for the monostatic radar. 
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Fig. 42. Extrapolation of UHF frequency multiplier 
dynamic range 

The operation of the synchror,ous detector is predi- 
cated upon the availability of a wavefcrm equivalent 
to the receiver keying square wave, but delayed by 
90 deg (Fig. 43). However, in the actual mechanization, 
this waveform must be delayed to compensate for the 
delay associated with the predetection filter. For typical 

P ROPAG A T  ION 
DELAY 180 deg r 

bandwidths, this delay, T ,  is of the order of 1 msec. 
A digital counter has been provided as a part of the keyer 
control to produce the compensating fixed delay (adjust- 
able in 50-psec steps for optimization with a specific 
filter). i t  wili be noted that, without this compensation, 
a 1-msec filter delay produces a phasing error of 36 deg 
at a keying rate of 100 cps. 

While the above-mentioned filter delay appears to be 
adequately stable as a function of operating parameters, 
phase disturbances within the receiver loop as a function 
of keying rate cause an additional dephasing of the input 
signals to synchronous detector. Preliminary evidence 
suggests that this effect results both from imperfect phase 
integrity of the keyed frequency muItipliers in the trans- 
mitter and receiver local oscillator and from partial 
tracking of the keying sidebands by the closed-loop 
receiver. At this time tests are incomplete, but the results 
emphasize the necessity of maintaining the lowest keying 
frequency well outside the closed-loop passband of the 
receiver. 

2. Keyer Control for Monostatic Radar 

The keyer control in a monostatic radar is the device 
which controls the time-sharing of the antenna between 
the transmitter and receiver. Its input is the estimated 
or measured range which is used to control the time 
sharing in such a way that the receiver is on only when 
there is a returning signal. The keyer control is designed 
to maximize the amount of information that is received. 
Previous keyers (Mod I-D Ranging System, SPS 37-15, 
Vol. I11 and Venus Radar System, SPS 37-21, Vol. 111) 
have required an output to control the receiver and the 
negative of that output to control the transmitter. The 

S I G N A L  P H A S E  
0 deg - T r 

Fig. 43. Keyer control phase relationships 
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RANGE NUMBER 
FROM 
RANGE TALLY 

- 

special anti-sideband locking device employed in the 
monostatic radar ( S P S  37-21, Vol. 111) requires a third 
output which, ideally, lags the receiver output in phase 
by 90 deg. Practically, the phase lag must be increased 
beyond 90 deg to allow for the delay in the receiver. The 
receiver delay can be determined only by experiment. 
A keyer control has been built and tested which provides 
the necessary three outputs and which has the delay of 
the third output, relative to the other two, adjustable 
over a limited range. 
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Fig. 44. Keyer control output signals 

I 
I 

a. Description of the keyer. The relationship of the 
auxiliary output to the primary output of the keyer is 
shown in Fig. 44. The additional time delay, T, which 
is due mostly to the delay in the second I F  amplifier 
seems, from preliminary measurements, to be relatively 
constant at 1 or 2 msec. Additional measurements are 
being made to establish the value of T precisely. These 
measurements are best made by comparing the perform- 
ance for various values of T, hence the requirement for 
a keyer control with an adjustable time delay. 

SERIAL UNITY 
ADDER- e 50 CLOCK 
COUNTER 

I COUNT 
FLIP-FLOP 

At this writing definitive conclusions regarding the 
optimum value of T have not been reached. The remain- 
der of this article is devoted to a description of the keyer 
control designed to assist in the experimental work. 

I 
I 
I 

Fig. 45 shows the keyer control designed to provide 
conventional as well as delayed outputs. The range num- 
ber is entered into the range accumulator via a subtractor. 
The output of the range accumulator is fed back into 
the subtractor so that the number is continually circu- 
lating. Upon each pass through the subtractor a constant, 
called a countdown number, is subtracted from the range. 
When the range has been completely counted down, the 
number in the range accumulator becomes negative, acti- 
vating the negative detector. A new range number is 
then entered into the range accumulator, and the process 

I 
I 

I I 

COUNT 
SELECTOR 
SWITCHES 

I 
I I 1 I 

WORD DELAYED 

I b OUTPUT 4 
FLIP-FLOP DETECTOR I 

I I 

L _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _  J 
Fig. 45. Keyer control block diagram 
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is repeated. The rate at which the negative detector fires 
is constantly monitored by a frequency accumulator and 
a high-low frequency detector. If the negative detector 
frequency, which is proportional to the keying frequency, 
paaaba “r;yvlld the boiiiids pi-esclibed by &e systsIl1 
design, the countdown number is adjusted. Enlarging 
the countdown number increases the countdown rate and 
results in a higher keying frequency, while decreasing 
the number has the converse effect, A more thorough 
discussion of this conventional section of the keyer con- 
trol may be found in SPS 37-15, Vol. 111. 

-A””-” l.,.-.--. 

Those modifications to the keyer control which provide 
an adjustable, delayed output are enclosed by dotted 
lines in Fig. 45. The output from the negative detector 
enters a series of two flip-flops. The first divides the 
negative detector frequency by two, and the second 
causes it to be divided by four. The results of these 
divisions are shown in Fig. 46. Two divide flip-flops are 
necessary to establish the quadrature relationship for 
the delayed keyer signal. The second flip-flop (+4) is 
taken as the reference and is used to drive the O-deg 
output flip-flop directly. 

Each time that the negative detector fires, and the 
divide-by-two flip-flop is in the zero position, a counter 
is started. This is equivalent to starting the counter at 
the 90-deg point relative to the reference. The counter 
advances at 50-psec intervals until a preset number has 
been reached. At this time the serial unity adder word 

NEGATIVE 
DETECTOR [[I 
OUTPUT 

FLOP I 
+2 FLIP- 

COUNT 
FLIP-FLOP I 

..-..- 
DETECTOR 

Fig. 46. Timing chart 

detector is energized and causes the counter to be reset 
and the delayed output Aip-flop to be complemented. 
A bank of switches allows the count interval, and hence 
r to be selected by the operator. 

A laboratory model was constructed which provided 
delays ranging from T = 0 to 7 = 25.6 msec in 50-psec 
steps. The delayed output is constrained to phase shifts 
of not more than 180 deg, because a single counter is 
used both to set and to reset the delayed output flip- 
flop. A slightly more versatile, but larger, machine could 
embody two counters: one to set and the other to reset 
the flip-flop. Splitting the load in this manner wouId 
allow phase shifts of up to 360 deg, which may be nec- 
essary at higher keying rates. 

E. S-Band Implementation 
for DSlF 

1 .  TWM for DSlF 
a. Summary. We plan to equip the DSIF with travel- 

ing wave masers (TWM’s) in closed cycle refrigerators 
(CCR) as part of the S-band implementation program. 
A total of six systems will be required which involves a 
large fabrication program. Because of the large number 
of systems involved we will subcontract various portions 
of the task to commercial engineering firms; system inte- 
gration will be performed at JPL. Work on an experi- 
mental prototype TWM has been reported in previous 
issues of this summary. 

b. Recent work. In order to facilitate the reporting of 
the progress on this project the total effort will be divided 
into 11 tasks as follows: 

(1) Technical problems. Various problems associated 
with the TWM will be discussed in this section. 

A common observation in the operation of maser pre- 
amplifiers has been the generation of spurious signals 
when the maser pump-klystron is tuned to some particu- 
lar frequency. This spurious signal generally causes no 
problems since it can be eliminated by properly tuning 
the klystron. However, an understanding of the mecha- 
nism by which the signal is generated is of great import- 
ance if one is to operate masers with confidence. 
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It has been found that the mysterious signal is gen- 
erated in the mixer of the receiver through harmonic 
mixing. The nth harmonic of the receiver local oscillator 
can beat with the mth harmonic of the pump-klystron in 
the mixer and produce the difference frequency Af:  

where 

f L O  = local oscillator frequency 

f ,  = maser pump frequency 

Clearly if Af is within the passband of the receiver IF 
amplifier, a signal will be observed. It is to be noted 
that, even if the local oscillator generated no harmonics, 
the inherent nonlinear property of the mixer can produce 
harmonic mixing. The phenomenon observed is certainly 
not new; however, it is interesting to note that in recent 
developmental testing we discovered that the eleventh 
harmonic of the S-band local oscillator was mixing with 
the second harmonic of the KU band pump klystron to 
produce an interference. Fortunately, with an under- 
standing of the problem it is a simple matter to tune 
the klystron to an optimum frequency. 

(2) Closed cycle refrigerator (CCR). As a result of the 
continuing successful performance of the prototype 
A. D. Little Cryodyne, it is planned to use this CCR 
for the operational TWM system. Even better perform- 
ance is expected with a few improvements to be incorpo- 
rated in the new CCR’s. In particular, a set of gears 
used to produce a squarewave drive on a set of pistons 
will be eliminated in favor of a low-speed induction 
motor drive. 

Soft-solder joints caused leak problems in the proto- 
type CCR; the troublesome joining methods for critical 
joints are being eliminated. The external appearance and 
dimensions of the refrigerator will be similar to the 
prototype. 

(3)  TWM structure. This structure consists of a comb 
structure, active ruby material, and passive ferrite mate- 
rial. The performance specifications for the TWM were 
given in S P S  37-22, Vol. 111. 

The Airborne Instruments Laboratory and Microwave 
Electronics Corporation have demonstrated capabilities 
in this particular area and were invited to submit pro- 
posals to fabricate these devices. A contract will be 
negotiated in the near future for the initial three units 
and a spare. 

(4)  Microwave head. The transmission line assembly 
which carries signal and pump powers into the maser 
structure is referred to as the microwave head. This is a 
crucial component in the entire assembly since low elec- 
trical losses are required concomitantly with very high 
thermal insulation for cryogenic reasons. In addition, 
the transmission lines must all be vacuum tight for opera- 
tion in the CCR. 

Four of these units were recently fabricated using stain- 
less steel tubing for coaxial lines and Teflon as insulator. 
The coaxial lines were plated with copper and gold to 
minimize electrical losses while retaining the high ther- 
mal resistivity of stainless steel. All units were checked 
out to have input and output VSWR’s of 1.10 or better, 
and the signal input line had an insertion loss of about 
0.10 db. Since a great portion of the line will operate at 
temperatures well below ambient value, the effective 
noise temperature contribution of the line will be only 
3 to 4OK. 

(5) Magnet assembly. The magnet assembly is regarded 
as an integral part of the TWM structure; it is expected 
that the same manufacturer will be asked to fabricate 
both units. 

Although TWM’s have been operated in superconduct- 
ing magnets in various laboratories, it does not appear 
advisable at present to attempt to use these in field opera- 
tional masers. Experience has shown that permanent mag- 
nets with trim coils are adequate and very reliable. 

A principal requirement for a good magnet is tempera- 
ture compensation for good stability; or, alternatively, 
the magnet may be kept at constant temperature. We plan 
to pursue the latter in the DSIF TWM system. 

(6) Pump assembly. The TWM pump assembly con- 
sists of a VA 246 Varian klystron (pre-tuned at the factory 
to 12.7 Gc), a ferrite isolator, a remotely controlled 
waveguide switch, a manually controlled variable atten- 
uator, and a directional coupler with a detector mount 
for monitoring the klystron output. 

Tests have indicated that the VA 246 is sufficiently 
stable so that only temperature regulation of the klystron 
is required. This is readily achieved by controlling the 
temperature of the waveguide flange which also serves 
as heat-sink for the klystron. Another attractive feature 
of the VA 946 is that no oil bath is required; this, coupled 
with the factory pretuning, will greatly simplify the main- 
tenance of the pump package in the field. 
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In order to reduce detuning effects during calibration 
tests, a waveguide switch is used to divert power from 
the TWM. This permits continuous operation of the kly- 
stron for optimum stability. 

The manually controlled attenuator will be used to set 
the pump power for saturated operation of the TWM 
without overloading the CCR. 

(7) Monitor receiver. Standard DSIF S-band receiver 
modules have been tested for use in the monitor receiver 
for the TWM subsystem and found to be completely 
adequate. It is mandatory to use the best available power 
supplies to achieve the required stability. 

(8) Control rack. The control rack will contain virtually 
all the components required to operate the TWM and 
CCR. Wiring of the racks has begun and components 
have been ordered. 

The TWM control panel and the CCR control panel 
have been designed and are being fabricated. 

(9) Monitor rack. The monitor rack will contain the 
equipment necessary to measure the electrical perform- 
ance of the TWM. Wiring of the racks has started and 
practically all components have been ordered. 

I 

A switching panel and a detector panel have been de- 
signed and are being fabricated. 

(10) T W M  package. The approximate configuration 
and dimensions for the cone-mounted equipment have 
been submitted to the microwave subsystem group for 
integration into a quarter-scale model of the cassegrain 
cone. 

In order to facilitate final packaging of the TWM assem- 
bly it is planned to fabricate a full scale model of the 
assembly. A few of the components have been fab- 
ricated for the mock-up and assembly will begin shortly. 

(11) Prototype system field testing. Various versions 
of a prototype S-band TWM and CCR have been tested 
at Goldstone, e.g., 1O-kw diplcxing tests. To aid the DSIF 
development program a 2.4-Gc version of the TWM and 
the original prototype CCR will be used in the next 
planetary-lunar radar experiment series at the Goldstone 
Venus site. The installation of the equipment on thc 85-ft 
az-el antenna is nearly complete. The TWM unit was 
recently tested with the CCR in the laboratory before 
shipment to Goldstone; its performance as tuned for 

use in the radar receiver was: 38-db gain, 12-Mc band- 
width, -lO0K noise temperature. 

2. S-Band Acquisition Aid for the DSIF 
a. Summary. An acquisition aid is being designed for 

the DSIF 85-ft antennas at S-band. The design concept 
is discussed. 

b. Recent work. The basic purpose of an acquisition 
aid system is to provide a reliable means of acquiring a 
spacecraft in a poorly defined orbit with the 85-ft an- 
tennas at the DSIF Stations, as soon as possible after 
line of sight visibility of the spacecraft. Such a sys- 
tem, operating at L-band, has been utilized in support 
of Ranger and Mariner A missions. As described in 
SPS  37-14, Vol. I, April 1, 1962, this L-band system con- 
sisted of a small, low-gain monopulse antenna mounted 
on, and boresighted with, the 85-ft antenna, together with 
the necessary receiver and servo system switching cir- 
cuitry. Using this system, rough automatic tracking was 
achieved shortly after appearance of the spacecraft, and 
switchover to the main 85-ft monopulse tracking was 
accomplished shortly thereafter. 

With the impending conversion of the DSIF to S-band, 
a requirement has arisen for an S-band acquisition aid 
system, and it is planned to utilize the same general 
approach as that employed at L-band. A prototype S-band 
acquisition antenna (SAA) has been described previously 
( S P S  37-20, Vol. 11, March 31, 1963,pp. 15-17). This SAA 
is a multimode, single horn monopulse antenna similar 
to that which will be used as the DSIF feedhorn in the 
main 85-ft, S-band cassegrainian feed system. The SAA 
will be right-hand circularly polarized, have a full half 
power beamwidth of approximately 16 deg, and have 
the capability of simultaneous low noise reception at 
2295 Mc and higher power (10 kw, CW) transmission at 
2113 Mc. It will be mounted in the main antenna backup 
structure, approximately halfway out to the antenna rim, 
and with its aperture (approximately 2 ftL) near the sur- 
face of the main antenna. Associated equipment, also 
to be mounted in this region includes a diplexer, filters, 
and manually operable switches to change the SAA sense 
of polarization. 

Because of the extremely small beamwidth of the main 
antenna at S-band (approximately 0.3 deg), and the antic- 
ipated rough tracking with the SAA due to ground multi- 
path effects, a dual receiver will be utilized with the 
S-band system. A complete three-channel receiver will 
be used in conjunction with the main antenna simulta- 
neously with the SAA subsystem three-channel receiver. 
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In this way, it will be possible to display to the operator 
both the main antenna and SAA alignment at all times. 
Under these conditions it is felt that the operator will 
always be able to effect rapid and completely reliable 
antenna switchover. 

Detailed system design is presently being carried out 
for the acquisition aid system and related equipment. 
The principal construction will be done under subcontract 
to a commercial engineering firm; negotiations to establish 
the contract are in progress. 
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v. Advanced Antenna 

A. Synopsis 
The Advanced Antenna System (AAS) will be a 210-ft 

diameter, fully steerable paraboloid. It is being designed 
for operational use at the DSIF Stations at the DSIF 
S-band frequencies (2.1 to 2.3 Gc). 

The principal element of the first AAS, which we term 
the Contractor Furnished System (CFS), includes the 
reflector, alidade, pedestal, foundation and drive system. 
It has been under contract to the Rohr Corporation since 
mid-June of this year. Engineering design on all phases 
of the CFS is underway at the contractor’s facility and at 
his several subcontractors. Work on the second element 
of the AAS, which includes site facilities and utilities, is 
now underway; architect and engineering requirements 
for the road to the AAS site (the Mars site at Goldstone) 
have been prepared; detailed specifications for the on- 
site power generating equipment are being finalized. 

Supporting engineering studies at JPL and under sub- 
contract are continuing. This report includes discussions 
of: modifications to the rms optical path length error 
computer program; modifications to the use of the STAIR 
program for more versatility in calculating reflector dis- 
tortion from wind loads; additions to the computer analy- 
sis of AAS type hydrostatic bearings; techniques for 
analyzing the deflection of the hydrostatic bearing runner 
and its support; and basic techniques for dynamic 
analysis. 

System 

6. Supporting Studies 
I .  Computer Studies 

a. Root mean square program. 
Summary. The root mean square (rms) program has 

been developed for calculation of the rms error in optical 
path length of an imperfect antenna reflector. Originally 
the calculation did not consider the noncoincidence of the 
apparent point of RF wave emission (apparent feed) and 
the focal point of the paraboloidal antenna reflector. 
Recent computer studies have shown that motion of the 
apparent feed contributes significantly to the rms value, 
displacement along the axis of revolution yielding a 
larger rms value than an equal displacement perpendic- 
ular to the axis of revolution. 

Recent work. The computer studies were performed 
considering 961 points on a perfect paraboloid of 210-ft 
diameter and a focal-length-to-diameter ratio of 0.4235. 
Since all paths of ray propagation passing a far field point 
are parallel and of equal length as measured from the 
perfect paraboloid focal-feed point, it was assumed that 
the rays reflected from the paraboloid, with a given 
apparent feed deviation from the focal point, were also 
parallel. The path length errors (A) of the rays emitted 
by the apparent feed point were calculated by mathemat- 
ically placing a plane in space perpendicular to the ray 
reflected from the paraboloid vertex and adding the 
vector lengths from apparent feed to reflector point (i) 
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Fig. 1. Geometry for distorted reflector calculations 

and from the reflector point (i) to the mathematic plane 
and then comparing this sum to the standard used to set 
the mathematic plane. The geometry is shown in Fig. 1. 
The rms of lambda was calculated using the following 
formula: 

where 

Ai = reflector area associated with the ith path 

hi = ith path length error 

Comparison of the curves of Figs. 2 and 3 shows the 
relative importance of parallel and perpendicular motion 
of the apparent feed and its effect on the rms value. The 
curves of Figs. 3 through 7 show the rms variation as a 
function of the apparent feed motion perpendicular to 
the axis of revolution at a fixed feed offset along the axis 
of revolution. 

FEED DISPLACEMENT ALONG Z - A X I S ,  in .  

Fig. 2. Rms of mean lambda versus feed displacement 
along z-axis 

FEED DISPLACEMENT I N  x-DIRECTION, i n .  

Fig. 3. Rms of mean lambda versus feed displacement 
in x-direction; z-deflection = 0.0 in. 
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FEED D I S P L A C E M E N T  I N  x-DIRECTION. in 

Fig. 4. Rms of mean lambda versus feed displacement 
in x-direction: z-deflection = 0.2 in. 

z - D E F L E C T I O N = 0 4  In. 

FEED DISPLACEMENT IN x - D I R E C T I O N ,  in 

Fig. 5. Rms of mean lambda versus feed displacement 
in x-direction: z-deflection = 0.4 in. 

In light of the above results, the rms program is being 
modified to calculate a rms of one-half the path length 
errors as seen from the apparent feed. 

b. Wind loads. 
Summary. The techniques for using large digital com- 

puters to calculate structural deflection in large antennas 

F E E D  D I S P L A C E M E N T  IN x -D IRECTION,  i n  

Fig. 6. Rms of mean lambda versus feed displacement 
in x-direction: z-deflection = 0.6 in. 

0 15 .i .- 

FEED D I S P L A C E M E N T  I N  x -D IRECTION,  In 

Fig. 7. Rms of mean lambda versus feed displacement 
in x-direction: z-deflection = 0.8 in. 

have been studied in relation to the AAS and the other 
antennas in the DSIF. In SPS  37-17, Vol. 111, a method 
was described for calculating the joint deflections and 
bar stresses of the reflector structure caused by wind 
loads using the STAIR computer program; the method 
used one-quarter of the 210-ft dish structure. The pre- 
vious analysis was limited to wind directions either paral- 
lel or at right angle (‘30 deg) to the elevation axis. In other 
words, the wind direction was parallel to a plane of 
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symmetry of the structure which resulted in wind loads 
symmetrical about the planes of symmetry. 

A computation method,for calculating the joint deflec- 
tions and bar stresses of a reflector structure from an 
unsymmetrical wind load using the Structural Analysis 
Interpretive Routine (STAIR) computer program and 
only one-quarter of the structure, has been developed. 

Recent work. The computation for joint deflections and 
bar stresses increases in complexity for a wind direction 
at an angle to the planes of symmetries. If only a one- 
quarter section is available for computer analysis, four 
separate computer runs are required with appropriate 
restraints on the joints in the cutting planes of symmetries. 
In order to simplify the computation, a digital computer 
program has been coded to compute the four load inputs. 
Another simple program has been coded to sum the four 
computer outputs into the one output required. 

+Y 

A 

+Y 

+ X  

Given a reflector structure assembly which is symmetri- 
cal separately about the x and y coordinate axes as shown 
in Fig. 8, a wind load ( F l ,  F,,  Fa ,  and F ,  which are not 
equal to each other) is considered to be applied to points 
PI, P,,  P , ,  and P,.  The four loading points must be sym- 
metrically located separately to the two axes. Since the 
wind loads act at right angles to the surface, the direc- 
tions of the force vectors at the points P1, P,,  Ps,  and P ,  
will also be symmetrical to the axes and intersect at one 
point on the z-axis. 

With only one-quarter of the reflector structure (quad- 
rant 1) available for computer analysis, the restraint con- 
ditions on the joints in the x and y cutting planes will 
determine the loading to be used. Fig. 9 shows the equiv- 
alences between a loading on a one-quarter section and 
on the whole structure as determined by the restraint 
conditions (Ref. 1). Since the directions of the force vec- 
tors in the four quadrants are symmetrical, the magni- 
tudes of the forces can be added directly without using 
components. 

The principle of superposition is applied in the sum- 
mation o€ forces shown in Fig. 9. For example in (a) 
Fig. 9, a load F 3 / 4  applied in the third quadrant appears 
as an equal load F , / 4  in all quadrants. Thus, all four 
forces applied separately to each quadrant will appear 
in the first quadrant as 

I 
I 

f 
I 

PARABOLOID 

\ 
\ 
\ 
\ 
\ 

FI 

Fig. 8. Symmetrical reflector diagram 

Similarly, in (c) of Fig. 9, where the restraints are sym- 
metric in the y-plane and antisymmetric in the x-plane, 
a + F , / 4  force applied in the third quadrant appears as 
a - F , / 4  force in the first quadrant and the resulting sum 

The resulting four equations provide the necessary 
loads for the four computer runs, FSS, F S A ,  F A S ,  and 
F A A  : 

65 



J P L  S P A C E  PROGRAMS SUMMARY NO. 37-23 

The above equations reduce by addition and subtrac- 
tion to: 

F, = FSS + FSA + FAS + FAA 
= first quadrant solution 

+ 

F ,  = F S S  - FSA f FAS - FAA 
= second quadrant solution 

F ,  = F S S  - FSA - FAS + FAA 
= third quadrant solution 

F ,  = FSS + FSA - FAS - FAA 
= fourth quadrant solution 

Finally, the computation carried out for the wind loads 
on the four symmetrically located points P I ,  PB,  P3,  and 
P, can be applied to any number of four symmetrically 

+ 

( b )  
+Y 
4 

+ 

@ +6 /4  

-++--C- 

+f4/4 -6 /4  

Fig. 9. Reflector section loading a n d  constraint diagrams 
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located points. The computational technique has been 
applied to a test problem and will be reported in the fol- 
lowing issue of SPS.  

2. Progress in Hydrostatic Bearing Analysis 
Program 

a. Summary. Analytical studies applicable to the AAS 
hydrostatic bearing are being conducted. Recent work 
on the Franklin Institute Hydrostatic Bearing Computer 
Program has been centered on debugging program revi- 
sions and in further analysis of the deflection characteris- 
tics of the runner on an elastic foundation. 

b. Recent work. 
Computer program revisions. Program revisions, made 

(1) The number of iterations available in the solution 
of Reynolds’ equation has been increased from 300 
to 1,000, making the use of the smaller available 
grid meshes practical, if their use is required by the 
pad configuration. 

(2) A nonhomogeneous term, representing the velocity 
of the bearing along the runner, has been included 
in the Reynolds equation. This term is signscant 
when the velocity term is large and when the pad 
and runner are not parallel. In effect, it adds the 
characteristics of a hydrodynamic bearing to the 
hydrostatic bearing. 

by The Franklin Institute, include the following: 

The revised program is now running satisfactorily and 
is being used in the design of the AAS by the contractor 
(Rohr Corp.). In addition, a series of runs is being pre- 
pared from which the effects of tilt, runner deflection, and 
velocity on bearing design can be summarized. 

Deflection analysis. Work on the problem of the deflec- 
tion of the runner on an elastic foundation has been 
carried on by JPL and the Franklin Institute. The prob- 
lem centers on the use of a foundation modulus, K ,  in the 
elementary theory equation given by Hetenyi (Ref. 2). 
The theory considers the deflection and moments of a 
beam on a semi-infinite elastic foundation under a con- 
centrated load in the form 

PA 
2K y = - e-”” (cos AX + sin AX) 

where 

A=V/K/4EI 

y = deflection of a point which is a distance x from 
the load point 

M = bending moment in the beam at x 

P = concentrated load applied to the beam 

EZ = flexural rigidity of the beam 

K = foundation modulus, force per unit deflection at 
the point of application of a load on the founda- 
tion. 

The solution is based on the assumption that the deflec- 
tion at any point on the foundation is due to the load at 
that point only and is completely independent of the load 
at other points. This assumption is useful in obtaining a 
simple mathematical solution to the flexure equation. In 
a real continuous foundation this assumption is not valid 
because continuity requires that a load at one point must 
cause deflections at adjacent points as well as at the load 
point. Hence, the required K cannot be obtained directly 
from ordinary elasticity relations. 

M. A. Biot (Ref. 3) developed an approach based on 
the theory of elasticity in which the basic load is a cosine 
function, and an actual load is represented as a Fourier 
integral. For the simple case of a concentrated load, he 
derives equations for the moments and deflections as 
follows: 

where 

a z= [EZ/E,b]% 

E ,  = Young’s modulus for the foundation 

b = one-half the width of the beam 

a, i = variables of integration 

These equations cannot be integrated in closed form 
but must be solved numerically. Riot calculated the 
moments in dimensionless form ( M / P u )  and notes that 
the elementary theory will give the same moment under 
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the load point as the exact theory, if in the elementary 
theory K is taken as 

K = 0.710 [ b / ~ ]  E ,  (3) 

The Biot theory cannot be solved for absolute deflec- 
tions as these are infinite in common with most deflection 
problems in a semi-infinite body. However, it can be 
solved for relative displacements, and this has been done 
both by Biot in his paper and by JPL and The Franklin 
Institute on the JPL 1620 computer. The curves obtained 
from the Biot solution and from the elementary theory 
using Biot's value for K are plotted on Fig. 10. On these 
curves the ordinate, w / [ P u 3 / E I ] ,  is taken as zero at the 
load point and the abscissa is in dimensionless form (x/u). 
In this case w is the deflection of a point (x/u) measured 
from the deflected point under the load; y, as used 

3.50 

3.00 

2 . 5 0  

1.00 

0.50 

0 

(b) DATA FROM ELASTIC 
FOUNDATION APPROACH 
USING BlOT FORMULA 

0 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 

4 0  

Fig. 10. Comparison of calculated deflections: (a) Biot's 
approach using theory of elasticity and Fourier integral 

for concentrated load, (bl beam on elastic foundation 
theory using K developed by Biot 

7 ACTUAL PRESSURE 
P R O F I L E  

CONCENTRAT ED LOADS 
S I M U L A T I N G  PRESSURE 
P R O F I L E  

Fig. 11 .  Typical pressure distribution under hydrostatic 
bearing pad 

previously, is absolute deflection. There is very good 
correlation in the vicinity of the load, with gradual 
deterioration as the distance from the load increases. 

The actuai pressure distribution under the hydrostatic 
bearing is continuous but not uniform. The deflections 
will be calculated by the superposition of a series of con- 
centrated loads representing the actual continuous load 
as shown in Fig. 11. For this case, a more accurate rep- 
resentation of the true deflection curve than that obtained 
from the elementary theory, but without the complexity 
of Eq. (2b), is desirable. Several approaches are being 
considered: 

(1) Modifying the elementary solution in the form 

+ sin [ C ,  (:)])I (4) 

In this equation, u: will be zero at the load point 
and C, and C, can be chosen to make the deflection 
curve match the character of the curve from the 
Biot theory at two selected points. For example, 
choosing C, = 0.457 and C, = 0.668 in Eq. (4) 
matches the absolute deflection at the load point to 
that obtained from the elementary solution and the 
relative deflection at (x/u) = 1.5 to that of the Biot 
theory. This result is given in Table 1, Column 1; 

Table 1. Comparison of relative pad deflections using 
various methods of calculation 

1.25 

1.50 

1.75 

2.00 

2.25 

Column 
1' 

0 

0.01 143 

0.0406 

0.0808 

0.1325 

0.1815 

0.2252 

0.2701 

0.31 2 

Column 
2 b  

0 
0.01 1 153 

0.039733 

0.079683 

0,126128 

0.1751 59 

0.223851 

0.270701 

0.31 2643 

0.350497 

Column 
3< 

0 

0.01092 

0.03868 

0.07792 

0.1 243 

0.1744 

0.2253 

0.2757 

0.3244 

~ 

Column 
4d 

0 

0.01 079 

0.03851 

0.0774 

0.1230 

0.1700 

0.2171 

0.2620 

0.3030 

Column 
5"  

0 
0.01079 

0.03868 

0.07799 

0.1 243 

0.1742 

0.2253 

0.2758 

0.3244 

a w  calculated from modified elementary equation, JPL approach 

b w  calculated from modified elementary theory, Franklin Institute approach. 

Cw calculated from polynomial. 

dw calculated from elementary theory with K evaluated by Biot method. 
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it may be compared with the Biot theory solution, 
Table 1, Column 5. structure. 

(2) V. Castelli of The Franklin Institute has proposed 
an evaluation of C ,  = 0.472 and C ,  = 0.6484 based 
on equal bending moment at the load point and 
equal relative displacement (tu/[ Pa3//EZ]) at 
(x/u) = 1.5 for the exact and the modified elemen- 

analyzing changes in design to achieve an optimum 

The design process is one of repetition and refinement. 
The dynamic analysis serves as a means of communication 
between structural, mechanical, and servo design efforts 
during this process. 

tary solutions. Results of this calculation technique 
are shown in Table 1, Column 2. Servo requirements in structural dynamic analysis. The 

dynamic analysis model must display the motions of the - .  
(3) The exact deflection curve can be matched at five antenna at points which are important in the servo system 

selected points, for positive ( x / a )  values, with an design. These include the driving points where commands 
eighth degree polynomial. Taking the points or disturbances can enter the system, and pick-off points 
(x/u) = 0, 0.5, 1.0, 1.5, and 2.0 the polynomial is where position, rate, or acceleration indications are 

taken off. 
W 

E 0.00206 xX + 0.01778~" - 0.06002 x7 + 0.16861 X* 

(5) 
Results of this calculation technique are shown in 
Table 1, Column 3. 

Of the three methods, the polynomial gives the best 
match to the exact solution deflection curve for (x/a) 
ranging from 0 to 2.0. For ( x /n )  less than 1.0, the results 
from the elementary solution equation, using the method 
for evaluation K proposed by Biot, are satisfactory. (See 
Table 1, Column 4.) 

3. The Structural Dynamics Problem in the 
Advanced Antenna System Design 

a. Summary. We have been developing techniques for 
the analysis of the dynamics of the AAS and the other 
large antennas of the DSIF. Over the past year we have 
reported in this journal the tests and their interpretations 
of the dynamics of the 85- and 30-ft az-el antennas at 
Goldstone. In this issue we discuss the current state of 
our analysis techniques. 

The AAS is being designed to operate in three different 
modes, each using a different point for generating a 
position error signal. In addition, in each mode, motor 
rate signals will be used in inner servo loops, and motor 
accelerations may be used, depending on the final servo 
system design. The three operating modes are: 

(1) RF auto track mode, in which the antenna position 
error is generated by a simultaneous lobing antenna 
feed and an angle tracking receiver. In the auto 
track mode the master equatorial is slaved to the 
reflector structure giving precision position read- 
outs in ha-dec coordinates. 

A precision pointing mode in which the antenna 
position error is generated in an optical link be- 
tween the antenna intermediate reference surface 
and an independent master equatorial system. The 
master equatorial moves in ha-dec coordinates 
and provides a precise pointing command for 
the antenna. The intermediate reference surface is 
mounted on the antenna reflector structure and is 
a best representation of the RF beam position. The 
dynamic model must define the intermediate ref- 
erence surface position. 

Background. 
Purposes of dynamic analysis. The purposes of the 

structural dynamics analysis in the design of the AAS 
are twofold: 

(3) A low-accuracy analog steering mode in which 
the antenna position is taken from the final drive 
gears and compared with an analog command sig- 
nal to generate a position error signal. 

To provide a representative dynamic model of the 
system from which dynamic characteristics, in the 
form of transfer functions, can be obtained for use 
in the servo system design. 

The torque input points include the azimuth and ele- 
vation drives and the wind loads on the structure. The 
drive inputs are taken as the servo-valve flow rates while 
the wind load must be reduced to forces acting on speci- 

(2) To provide an insight into the relationship of the 
structural configuration and detail design to the 
system dynamic characteristics, and a method of 

fied points in the structural systems. The dynamic analysis 
must produce transfer functions from the drive points 
to the various pick-off points. 
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Wind and motion conditions require a servo band- 
width of about 0.2 cps for the AAS, and a basic system 
requirement is that driving forces within this bandwidth 
must not excite the structural resonances. Structural 
resonant frequencies under i.0 cps are oi very senous 
concern; frequencies over perhaps 3 cps are of little 
consequence to the servo design. Accordingly, the essen- 
tial dynamic analysis should predict the lower frequencies 
with good accuracy, while the higher frequencies may 
be ignored. 

Structural dynamics influence in structural design. 
Three requirements which the final antenna structure 
must meet are: 

(1) The reflector structure must be sufficiently stiff to 
maintain surface accuracy in the operational winds 
at all attitudes. 

(2)  The supporting structure must be sufficiently stiff 
to support a reflector of the required weight with 
lowest natural frequencies compatible with the 
necessary pointing accuracy. 

(3) The over-all structure must be reasonably eco- 
nomical. 

The structure dynamic analysis helps to meet these 
requirements in the design phase by determining the 
natural frequencies for a particular design, identifying 
areas of weakness which require design rework, and pro- 
viding a relatively direct method of approaching an opti- 

I mum design by studying parameter variations. 

To be useful in the design effort the dynamic analysis 
must be carried out in sufficient detail to be sure that 
all of the problems are included in the model. A model 
involving only 4 or 5 deg of freedom is not IikeIy to show 
the system in enough detail to assure that potential prob- 
lems are identified; an analysis of all the detail of the 
structure would be excessively expensive. 

b. Present work. The method described below is being 
applied to the AAS analysis because the information 
required to use it is practically obtainable, and the trans- 
fer functions desired for the servo design can be produced 

ture falls naturally into this grouping, and the necessary 
stiffnesses and masses are easily calculated. 

The upper part is represented by the generalized 
masses and stiffnesses obtained from the JPL Stiff-Eig 
Program. By taking advantage of the symmetry about a 
vertical plane through the reflector axis, and assuming 
symmetry about the plane containing the reflector and 
elevation axes, the structure can be analyzed in quarters 
with symmetric and antisymmetric boundaries. There are 
four possible combinations of boundaries as shown in 
Fig. 10. The two combinations with symmetry about the 
vertical axis relate to elevation motion and the two with 
antisymmetric boundaries relate to azimuth motion. For 
the present, the azimuth and elevation models are con- 
sidered to be independent. 

The Stiff-Eig Program produces generalized stiffness 
and mass matrices and model columns for the lowest six 
frequencies of the structure analyzed. The four boundary 
combinations analyzed yield data based on 24 resonant 
frequencies of which 12 apply to the azimuth model and 
12 to the elevation model. 

The Stiff-Eig output data of interest is as follows: 

= matrix of r modal columns defining u 

r M , J  = generalized mass matrix of order r,  defined 

points in the structure. 

by the relationship 

rw-.I = [ + u T i y  [MI (1) 
[ M I  = mass matrix in inertial coordinates; 

r K 7 J  = generalized stiffness matrix of order r, 
defined by the relationship 

[ K r l  = [ + U T I T  [KI [ + u 7 1  ( 2 )  
where [ K ]  = stiffness matrix in inertial 
coordinates, and the superscript defines 
the transpose of the matrix. The inertial 
coordinates and the generalized coordi- 
nates are related by the equation 

I 
For purposes of analysis, the structure is divided into 

a lower part, including the pedestal, alidade, and drives, 

where pr  is the amplitude of the rth mode 
and y u  is the displacement of the uth point. 

and an upper part including all of the parts which move 
in elevation. The lower part is represented by a lumped 
mass system, with mass points for the pedestal, the bot- 
tom of the alidade, and the top of the alidade. The struc- 

[ K , , ]  = matrix formed by the reactions at the con- 
strained points e,  due to a unit displace- 
ment at the uth unrestrained point with 
the other normally free points restrained. 
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To combine the lower part in inertial coordinates with 
the upper part in generalized coordinates, we assume 
for the moment that we can write the equations for the 
entire system in inertial coordinates in the form 

in which 

is the dynamic matrix of the lower system with 
the displacements yc constrained 

is the matrix of the stiffness coefficients formed 
by the reactions on points i due to unit displace- 
ments of individual points c while the other 
points c are restrained 

is the transpose of [B] 

is the dynamic matrix of the masses with dis- 
placements common to the upper and lower 
systems, with the normally unrestrained dis- 
placements in these system restrained 

is the matrix formed by the reactions at the 
constrained points c due to a unit displacement 
at the uth unrestrained point, with the other 
normally free points also restrained. This is 
[K,.,,] obtained from the Stiff-Eig Program. 

is the ith unrestrained displacement of the 
lower part 

is the displacement of the points c common to 
the upper and lower parts and considered re- 
strained in the analysis of the upper part 

as before, is the displacement of the uth unre- 
strained point in the upper part 

Expanding Eq. (4) gives 

which represents the equilibrium equations for the unre- 
strained masses of the lower part, 

which represents the equilibrium equations for the 
masses at the points connecting the upper and lower 
parts, and 

which represents the equilibrium equations of the unre- 
strained mass points in the upper part. 

The matrices A, B, BT and C are obtained by the con- 
ventional methods of writing equilibrium equations for 
lumped mass systems. D is the matrix obtained from the 
Stiff-Eig Program as [ICu] and must also be reflected 
when constructing C. E is at the moment not attainable 
and because of the complexity of the backup and reflector 
structure would be of very high order. 

A transformation of Eq. (4) is now constructed based 
on Eqs. (l), (2), and (3). It is noted that if E could be 
written it would be of the form 

where s is the Laplace operator, based on restraints at 
the common coordinates y,.. Replacing {yu} by {pr}, 
and premultiplying by [+UT] gives 

and 

csz rw.I + ~ K ~ . I I  { P J  = (0) (8) 

This is the generalized form in which the Stiff-Eig results 
are given. To accomplish this transformation within 
Eq. (4), we pre- and post-multiply Eq. (4) as follows: 

giving 

where 
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E’ is obtainable from the Stiff-Eig Program in the form 

I 
For forcing functions, Fi, applied on the drives in the 

lower part, the following nonhomogeneous equation 
pertains 

Eq. (13) can be solved for transfer functions to points 
on the lower structure or to modal amplitudes, p ,  by 
Cramer’s rule in the form 

where zj and pk are the zeros and poles of the transfer 
function. 

Transfer functions to displacements yu, on the tipping 
parts, can be obtained by building up yu from the mode 
shapes +ur and the modal amplitudes p ,  using Eq. (3) 

I re-expressed for a particular yu as 

Combining this with Eq. (14) gives 

It is noted that the denominators for each p, or yu[Eqs. 
(14) and (14al are identical. The numerator of (14a) can 
be expanded into a single polynomial which can be fac- 
tored to give the transfer function zeros. The transfer 
function to yu then is 

In an alternate approach, we choose r points of interest, 
where r is the number of modes considered necessary 
to define the motions of the upper part. The modal matrix 
{yu} is then shortened to {y,} and Eq. (3) becomes 

[+rr], being square, can be inverted. 

Eq. (13) is now operated on to eliminate the { p,’ } CO- 

ordinates by retracing the steps of Eq. (9) in the form 

giving 

Eq. (18) is now of a reasonable order (perhaps 20); its 
components are all available, and it can be solved for 
any of the transfer functions of interest in the form 

The required structural information is available from 
the modal columns of Eq. (18) for the lower structure 
and from the Stiff-Eig modal columns for the upper 
structure. 

The necessary mechanization for carrying out the solu- 
tions is now being developed. Test cases for relatively 
simple systems are being run. 

In addition, a simplified version of a method of com- 
bining several systems in generalized coordinates by 
requiring compatibility at the connecting points is being 
considered. This approach was developed for the JPL 
Structure and Mechanics Division by Professor Hurty of 
U.C.L.A. for application to analysis of spacecraft struc- 
tures and is now being programmed for computer calcu- 
lation in a most general form. For application to the 
antenna problem, a reduced and specialized program 
may be practical. 
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